MEMS-compatible processes for fabricating nanostructures and their applications by He, Yuan
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2015
MEMS-compatible processes for fabricating
nanostructures and their applications
Yuan He
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Electrical and Electronics Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
He, Yuan, "MEMS-compatible processes for fabricating nanostructures and their applications" (2015). Graduate Theses and
Dissertations. 14563.
https://lib.dr.iastate.edu/etd/14563
 MEMS-compatible processes for fabricating nanostructures and their 
applications 
 
by 
 
 
Yuan He 
 
 
 
 
A dissertation submitted to the graduate faculty  
 
in partial fulfillment of the requirements for the degree of  
 
DOCTOR OF PHILOSOPHY 
 
 
Major: Electrical Engineering 
 
Program of Study Committee: 
Long Que, Major Professor 
 Liang Dong,  
Jaeyoun Kim,  
Meng Lu,  
Ian C Schneider 
 
 
 
 
 
 
Iowa State University 
 
Ames, Iowa 
 
2015 
 
Copyright ©  Yuan He, 2015. All rights reserved 
  
ii 
TABLE OF CONTENTS 
 
ACKNOWLEDGEMENTS............................................................................................................................v 
PREFACE AND DISSERTATION ORGANIZATION……………………………………………………………………………….……..vi 
ABSTRACT…………………………………………………………………………………………………………………………………………..viii 
CHAPTER 1 INTRODUCTION TO PLASMA ETCHING TECHNOLOGY ........................................................... 1 
1.1 TYPES OF PLASMA ETCHING .......................................................................................................................... 1 
1.2 PHYSICAL DESCRIPTION OF PLASMA ETCHING .................................................................................................. 2 
1.21 Physics of DC Plasma ...................................................................................................................... 2 
1.22 Physics of AC Plasma ...................................................................................................................... 4 
1.3 PLASMA COMPOSITION .............................................................................................................................. 7 
1.4 ETCHING PROCESS STEPS ............................................................................................................................ 8 
CHAPTER 2 INDUCTIVELY COUPLED PLASMA REACTIVE ION ETCHING .................................................. 10 
2.1 ADVANTAGES OF ICP ............................................................................................................................... 10 
2.2 MAJOR COMPONENTS OF ICP SYSTEM ......................................................................................................... 12 
2.3 ALCATEL GUI AND IN SITU MONITORING ..................................................................................................... 15 
2.4 BOSCH PROCESS ...................................................................................................................................... 17 
CHAPTER 3 CHARACTERIZATION OF THE SILICON NANOPILLAR-SURFACE FILLED WITH  
NANOMATERIALS ............................................................................................................................... 24 
3.1 INTRODUCTION TO NANOPILLAR-SURFACE FILLED WITH NANOMATERIALS .......................................................... 24 
3.2 EXPERIMENTAL DETAILS ............................................................................................................................ 26 
3.2.1 Chemicals and materials ............................................................................................................. 26 
3.2.2 Fabrication of silicon nanopillar-surface filled and grafted with nanomaterials ........................ 27 
3.2.3 Characterization .......................................................................................................................... 29 
3.3 RESULTS AND DISCUSSION ......................................................................................................................... 30 
3.3.1 Fabricated Arrayed Nanopillars .................................................................................................. 30 
3.3.2 Contact angle measurements and surface topology of the nanopillar surface .......................... 31 
3.3.3 Reflectance from surface with and without nanopillars ............................................................. 33 
3.3.4 Reflectance measurements under different incident angles ...................................................... 35 
3.3.5 Reflectance measurements of the nanopillar surface filled and grafted with different  
nanomaterials ...................................................................................................................................... 37 
3.4 CONCLUSION .......................................................................................................................................... 39 
CHAPTER 4 SURFACE ENHANCED RAMAN SPECTROSCOPY (SERS) SUBSTRATE BASED ON SILICON  
NANOFOREST ...................................................................................................................................... 41 
4.1 INTRODUCTION TO NANOFOREST FORMATION .............................................................................................. 41 
4.2 EXPERIMENTAL DETAILS ............................................................................................................................ 43 
4.2.1 Chemicals and Materials ............................................................................................................. 43 
iii 
4.2.2 Fabrication of the Silicon Nanoforest Surface ............................................................................ 43 
4.2.3 Characterization .......................................................................................................................... 45 
4.3 RESULTS AND DISCUSSION ......................................................................................................................... 46 
4.3.1 Fabricated Nanoforest ................................................................................................................ 46 
4.3.2 R6G SERS Measurement on Nanoforest ..................................................................................... 47 
4.3.3 SERS Measurement on Gold-coated Nanoforest ........................................................................ 49 
4.3.4 SERS Measurement on Ag Particles Decorated Au-coated Silicon Nanoforest .......................... 51 
4.3.5 Cell SERS Measurement on Au-coated Silicon Nanoforest ......................................................... 52 
4.4 CONCLUSIONS ......................................................................................................................................... 56 
CHAPTER 5 A TOP-DOWN FABRICATION PROCESS FOR VERTICAL SILICON NANOTUBES ....................... 57 
5.1 INTRODUCTION TO NANOTUBE FABRICATION ................................................................................................. 57 
5.2 EXPERIMENTAL DETAILS ............................................................................................................................ 60 
5.2.1 Chemicals and Materials ............................................................................................................. 60 
5.2.2 Fabrication of silicon nanotubes ................................................................................................. 61 
5.2.3 Characterization .......................................................................................................................... 62 
5.3 RESULTS AND DISCUSSION ......................................................................................................................... 62 
5.4 CONCLUSIONS ......................................................................................................................................... 72 
CHAPTER 6 ICP ETCHING TECHNOLOGY: GENERAL ANALYSIS AND DISCUSSION .................................... 74 
6.1 PHYSICAL PARAMETERS ............................................................................................................................ 74 
6.2 CHEMICAL COMPOSITION .......................................................................................................................... 76 
6.3 CONCLUSION .......................................................................................................................................... 79 
CHAPTER 7 INTRODUCTION TO PATTERNED ANODIC ALUMINUM OXIDE (AAO) BASED BIOSENSOR ..... 80 
7.1 INTRODUCTION TO AAO BIOSENSOR ........................................................................................................... 80 
7.2 INTRODUCTION TO AAO PATTERN FABRICATION ........................................................................................... 82 
CHAPTER 8 FABRICATION AND CHARACTERIZATION OF LITHOGRAPHICALLY PATTERNED AND  
OPTICALLY TRANSPARENT ANODIC ALUMINUM OXIDE (AAO) NANOSTRUCTURE THIN FILM ................ 84 
8.1 FABRICATION PROCESS INTRODUCTION ........................................................................................................ 84 
8.2 RESULTS AND DISCUSSION ......................................................................................................................... 87 
8.2.1 Fabricated AAO Nanostructure ................................................................................................... 87 
8.2.2 Optical Property Measurement of AAO Nanostructure ............................................................. 91 
8.3 CONCLUSION .......................................................................................................................................... 96 
CHAPTER 9 A TRANSPARENT AAO NANOSTRUCTURED OPTICAL BIOSENSOR ........................................ 97 
9.1 DEVICE AND EXPERIMENT DESIGN ............................................................................................................... 98 
9.1.1 Device Fabrication ...................................................................................................................... 98 
9.1.2 Experiment Design ...................................................................................................................... 98 
9.2 MATERIALS AND METHODS .............................................................................................................. 100 
9.2.1 Chemicals and Materials ........................................................................................................... 100 
9.2.2 Biodetection Procedure ............................................................................................................ 101 
9.2.3 Experimental Data Analysis....................................................................................................... 102 
9.3 RESULTS AND DISCUSSION ....................................................................................................................... 103 
CHAPTER 10 AAO NANOSTRUCTURED OPTICAL SENSOR: CONCLUSIONS AND FUTURE WORK ............ 107 
iv 
10.1 CONCLUSIONS ..................................................................................................................................... 107 
10.2 FUTURE WORK ................................................................................................................................... 108 
REFERENCES ...................................................................................................................................... 110 
 
  
v 
ACKNOWLEDGEMENTS 
Foremost, I want to express my sincere gratitude to my advisor, Dr. Long Que, for his 
generous and continuous support in my Ph.D. study and research, for his patience, motivation, 
enthusiasm, and immense knowledge. It is my great honor to be his doctoral student. This 
dissertation could not have been completed without his encouragement and constant 
guidance.  
I would like to thank the rest of my advisory committee: Dr. Liang Dong, Dr. Jaeyoun Kim, 
Dr. Meng Lu, and Dr. Ian C Schneider, for their kind suggestions and guidance, and thank Dr. 
Chenxu Yu for helping us with the Raman signal measurement. 
I want to thank my fellow labmates: Chao Wang, Zhen Xu, Xuan Qiao, Yifei Wang, Yin 
Huang, Benjamin Ch’ng and Jacob Nuhn from Iowa State University, Zhongcheng Gong, 
Pushparaj Pathak, Yi-Hsuan Tseng, Haocheng Yin, Wen-chuan Cheng, Ai-Yi Chang, Xiangchen 
Che from Louisiana Tech University for sharing their valuable research experience and great 
support.  
I would like to thank MRC staff Dr. Wai Y. Leung, IFM staff members, Mr. Philip Coane, Mr. 
Ji Fang, Mr. Alfred Gunasekaran, and Mrs. Debbie Wood for the experimental support.   
Finally, I would like to thank my family: my father, Aihua He, my mother, Bichi Wang, for 
their love, understanding and endless encouragement throughout my life. 
  
vi 
PREFACE AND DISSERTATION ORGANIZATION 
Although this dissertation is in fulfillment of the PhD degree requirement, this work is also 
meant to document and summarize the etching and fabrication protocol to ensure that my 
understanding of process development and modification are available for Dr. Que Long’s future 
group members and students at Iowa State University. It will be my great honor if others find 
some use or value from my experiments. 
This dissertation includes two major parts, introducing two types of fabrication 
technologies to achieve some unique nanostructues and developing a series of micro-devices 
based on these nanostructures.  
The first section of this dissertation is presented in Chapters 1 through 6, and focuses on 
the formation and application of high-aspect-ratio silicon nanostructures. In Chapter 1, the 
concepts of plasma and general mechanism of plasma etching are introduced to better 
understand the nanostructure formation process. The generation and application of DC and AC 
plasma are reviewed and discussed, respectively. The types of plasma etching, the composition 
of plasma, and the major etching steps are also discussed. In Chapter 2, an Alcatel Inductively 
coupled plasma (ICP) system in the laboratory is used as an example to analyze the major 
components and working principle of ICP system. A typical ICP etching process, the Bosch 
process, is described in detail, since it is the key process for silicon nanostructures formation. 
Chapters 3 through 5 introduce three high-aspect ratio nanostructures, including silicon 
nanopillars, nanoforests and nanotubes; nanomaterial-grafted nanopillar antireflection surfaces 
and nanoforest-based Surface Enhanced Raman Spectroscopy (SERS) substrates are also 
presented. Based on the experimental results from the aforementioned nanostructures, 
vii 
Chapter 6 shows parameter effects for the tuning etching process and summarizes the 
achievements of the first section.  
The dissertation’s second section consists of Chapter 7 through Chapter 10. A nanoporous 
structure made up of thin film interferometers, based on Anodic aluminum oxide (AAO) 
nanopores, is introduced. Chapter 7 begins with the currently used label-free biodetection 
technologies and compares them with the AAO-based interferometer to explain the 
foundations of our work. Chapter 8 describes the successful fabrication of optically transparent 
anodic aluminum oxide (AAO) nanostructure thin film from lithographically patterned 
aluminum on indium tin oxide (ITO) glass substrates. Chapter 9 reports a new transparent 
nanostructured Fabry-Perot interferometer (FPI) device based on this fabricated substrate. 
Using this platform, the detection of bioreactions between biomolecules is demonstrated 
successfully. Finally, Chapter 10 summarizes the achievement from AAO nanostructure 
fabrication and biosensor platform development and considers possibilities for future research.  
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ABSTRACT 
During the past decades, many different nanostructures have been successfully 
synthesized and developed. Due to their nanoscale dimensions, the nanostructures (i.e., 
nanostructured film, nanotubes, quantum dots) usually exhibit unique optical, electronic, or 
mechanical properties, which differ from those of the same bulk material. This dissertation 
focuses on the development and applications of two types of nanostructures: high aspect ratio 
(HAR) silicon nanostructures and anodic aluminum oxide (AAO) nanopores.  
(i) High aspect ratio (HAR) silicon nanostructures, including nanopillars, nanoforest and 
nanotubes, have attracted enormous attention in the fields of energy harvesting and storage, 
biomedical sensing, drug delivery, and template-based nanofabrication. Recently, several 
technologies, such as e-beam lithography and AAO template-based process, have been 
developed to synthesize HAR nanostructures such as silicon nanotubes. However, these 
technologies are expensive and usually complicated. In this effort, silicon nanopillars fabrication 
using nanospheres lithography (NSL) and nanoforest formation through a maskless Bosch 
process have been successfully developed. Nanomaterial grafted-nanopillar antireflection 
surface and a nanoforest-based SERS substrate have been demonstrated. Furthermore, a new 
simple process for fabricating silicon nanotubes at room temperature based on the Bosch 
process has been developed successfully, offering a unique platform for many potential exciting 
applications.  
(ii) Among many different applications, anodic aluminum oxide (AAO) nanopores have 
been utilized as nanopore thin film interferometers for biochemical sensing. Using a two-step 
anodization process, AAO nanopores are usually fabricated from a piece of high purity Al foil. 
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However, the process is not compatible with a standard lithography- based microfabrication 
process. As a result, it is very difficult to fabricate arrayed AAO nanopore-based optical 
microsensors in a cost- effective manner. To address these issues, a new process has been 
developed to fabricate micropatterned AAO nanopores thin film on glass slide using a standard 
lithography based microfabrication process. Also, the electron-beam evaporation coated Al thin 
films become optically transparent after anodization, making it possible to use the transmitted 
optical signals as the transducing signals. The arrayed AAO thin film-based interferometers have 
been integrated into a microfluidic chip and the detection of the binding between biomolecules 
has been demonstrated successfully. 
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CHAPTER 1 INTRODUCTION TO PLASMA ETCHING TECHNOLOGY 
Plasma etching technology is an essential component for micro/nanofabrication. The 
industry-used plasma is a mixture of free electrons, ions, neutral radicals and gas molecules. 
Unlike normal gas or vapor phase compound, the average electron energy (also called electron 
temperature) is significantly higher than ion energy or ion temperature. It is probably caused by 
lighter electrons, which have a very poor energy transfer and remain warmer for longer periods 
of time. [1] Electrons with higher energy collide with molecules to enable high temperature 
reactions, which occur at relatively low temperatures, since the plasma consists of only a few 
high-energy electrons. Without a plasma assistant, the high temperature reaction could destroy 
protection masks or device structures. This chapter will introduce the basic concepts and 
mechanisms for plasma etching technology. The composition of plasma and major steps of 
etching will be discussed as well.  
1.1 Types of Plasma Etching 
In plasma etching, substrates are etched in the plasma phase instead of wet chemicals. 
The solid substrates can be removed physically by ion bombardment, chemically by chemical 
reaction, or by a combination of the two. 
In physical ion etching, high-energy ions bombard the solid sample like millions of tiny balls 
and sputter the sample’s atoms. Chemical reaction does not take place. Since the etching highly 
depends on the energy or momentum of the ions, the physical ion etching process has a 
relatively low selectivity and etching rate.  
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In chemical plasma etching, substrates are explored in a neutral reaction species 
environment. Gas or vapor phase chemicals, such as chlorine or fluorine, are introduced onto 
the substrate, where they react with the sample and form volatile products. This type of 
chemical reaction takes place in the horizontal direction as well as the vertical direction, which 
results in isotropic etching and undercutting.  
In the case of reactive ion etching (RIE), both ions and neutral chemicals contribute to the 
reaction. High-energy ions damage the sample surface and make the substrate more reactive to 
chemical species. Ion bombardment is mainly in the vertical direction; the RIE-based processes 
are more anisotropic compared with chemical etching. Highly reactive species such as neutral 
radicals would etch the substrate chemically, resulting in a high etching rate under certain 
circumstances. This dissertation will focus on the development and application of a modified 
RIE-based etching process for a series of high-aspect ratio silicon nanostructure formation.  
1.2 Physical Description of Plasma Etching 
1.21 Physics of DC Plasma 
To explain the mechanism for high-aspect-ratio structure fabrication, a general 
understanding of plasma is required. The simplest plasma generator consists of two 
parallel-plate electrodes with DC power supply. A reaction chamber filled with inert gas is 
maintained at low pressure, from a few mbar to several hundred mbar.  The applied DC 
voltage generates a high electrical potential between electrodes. At the beginning of plasma 
excitation, an initial current flows through the electrodes. The produced electrons are 
accelerated by high electrical potential and collide with the inert gas molecules. When electrons 
with kinetic energy greater than the ionization potential of the inert gas bombard the gas 
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molecules, the resulting inelastic collisions remove the electrons from the gas molecules. The 
generated free electrons then collide with other gas molecules and create an avalanche of ions 
and electrons. With sufficient voltage, the low pressure chamber rapidly becomes filled with 
ionized inert gas. The discharge current builds up to a point when the voltage drop across the 
plasma is equal to the applied DC voltage, minus a voltage defined by a current-limiting resistor. 
Since ions are much heavier than electrons, the average velocity of electrons is larger, and more 
electrons are captured at the wall. To sustain the plasma, the high-energy ions bombard the 
cathode and generate secondary electrons.   
Typically, the generated plasma consists of free electrons, ions, neutral radicals and gas 
molecules. The excitation and relaxation process of the plasma also emits visible light, resulting 
in a soft glow within the chamber. However, dark spaces are observed in certain places, 
normally near the electrodes. The voltage distribution and the light distribution are shown in 
Figure 1.1.  
Positive ions near the cathode move toward the electrode slower than the electrons move 
away from it since the ions are much heavier than the electrons. Thus, there are more positive 
ions in this space compared with electrons. Ions are majority current carriers and move slower, 
resulting in low conductivity. Therefore, the most significant voltage drop resides at the 
cathode surface, called the cathode dark space.      
The electrons are accelerated away from the cathode by the electric field through the dark 
space. The high-speed electrons are sped up until their energy is higher than the ionization 
potential, causing them to collide and ionize the gas molecules to sustain the plasma. When the 
ions drift into this dark space, they are accelerated toward the cathode by the electric field. 
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Thus, if a conductor is placed closed to the cathode, the ions bombard the conductor and etch 
the material. However, if a dielectric is placed in this space, the material rapidly charges. The 
electric field inside the dielectric is built up, which stops the ions’ acceleration and plasma 
generation. 
 
Figure 1.1 (a) Structure of the glow discharge in a long tube-based DC diode system (b) Voltage 
distribution in a real DC diode system [1] 
 
1.22 Physics of AC Plasma 
For this reason, high-frequency AC power sources are used for etching silicon wafers. A 
generated electric field reverses each half-cycle before the dielectric becomes fully charged; 
thus, the positive charge accumulation during a half-cycle can be neutralized by the next 
half-cycle. The commonly used frequency is 13.56MHz, chosen because of permission given by 
the Federal Communications Commission for its lack of interference with radio broadcast 
signals. In a radio frequency power supply system, the ions cannot respond to the high 
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frequency change of an electric field. The electrons are forced to oscillate at the same 
frequency since they are much lighter than ions; the result is sustainable plasma.   
The differences between reactors, such as the capacitively coupled plasma reactor (CCD) 
or inductively coupled plasma reactor (ICP) will be discussed in detail in following chapters. 
Here we may examine the simple planar parallel-plate reactor. Substrates are placed on the 
cathode and sputtered as shown in Figure 1.2. When initiating an AC current to the system, a 
DC bias is induced by the plasma itself and established as follows.  Since electrons are lighter 
than ions, they rapidly charge up the capacitively coupled electrode during the first half cycle. 
Because electrons cannot be transferred between parallel-plates of the capacitor, the charged 
electrode surface shows a negative DC bias, called self-bias voltage. The energy of ions 
bombarding the substrate is a key factor to the sputtering or etching process, which is 
determined by three potentials in the reaction chamber: the plasma potential, the self-bias 
voltage and the applied RF source voltage. The plasma potential Vp, DC cathode potential VDC, 
and RF voltage (VRF)PP are related as shown in Figure 1.3 or Equation 1.1 [1]:  
    
       
 
 |   |                            (1.1) 
One of the most important etching conditions is the ions’ bombardment energy. On the 
cathode of the reactor, the energy of the ions is:  
      (|   |    )                            (1.2)                         
Meanwhile, the energy of the ions on the anode is given as:  
                                         (1.3) 
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Typical values for industry-used RIE reactors are several hundred electron volts for the 
cathode and a few electron volts for the anode. To avoid anode etching, Vp should be kept small 
and reactor construction should be carefully designed to ensure the area of the cathode is 
significantly smaller than the anode, since the plasma potential is determined by the relative 
area of anode and cathode according to [1]:  
  
  
  
  
  
                                   (1.4) 
To achieve a relatively small cathode, the anode and the chamber wall are grounded, 
creating a very small anode electron voltage. Thus, little sputtering takes place on the anode 
electrode.  
 
Figure 1.2 Two electrode setup for RF ion sputtering [1] 
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Figure 1.3 (a) Time-averaged potential distribution for RF system. (b) Potential distribution. [1] 
 
1.3 Plasma Composition 
Plasma is normally weakly ionized and the densities of species are depended on reaction 
conditions. Typically, electron density is in the order of 109–1012 cm-3, plasma ion density 
between 109–1012 cm-3, neutral species density around 1015–1016 cm-3, and the ratio between 
ionized ions and neutral species is in the order of 10-6–10-4 cm-3. In other words, there are 
millions more radicals than ionized species in the plasma, since it is easier to form neutral 
radicals, and a radical’s lifetime is normally longer than an ion’s. Even through both ions and 
radical etching substrates, most of the contribution is from highly reactive radicals, as the 
amount of radicals present is significantly higher than ions. Ions affect the reaction by physically 
bombarding the substrate surface and by increasing the directionality of the process.       
The reaction chamber requires low pressure for plasma ionization and sustention. At 
higher pressure, the mean free path is very short, and it is difficult for electrons to achieve 
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energy higher than ionization potential before they collide with gas molecules. Only extremely 
high voltage may generate a high electric field and create an arc if it is higher than the 
breakdown voltage. Lightning at atmospheric pressure is shown in Figure 1.4. Breakdown 
voltage depends on the gas type, pressure, surface to volume ratio, and the distance between 
the electrodes. Paschen’s law introduces more details that are not included in this dissertation. 
[1] 
 
Figure 1.4 Discharge in lightning [1] 
1.4 Etching Process Steps 
The etching process consists of five major steps, as shown in Figure 1.5 shown [1]. (1) First, 
electrons are accelerated and the high-energy electrons collide with gas molecules. This 
collision process removes electrons from molecules and generates secondary electrons and 
ions. Meanwhile, the molecules can be broken down into neutral radicals with unsatisfied 
chemical bonds. (2) The ions and radicals diffuse to the space near the substrate, and then are 
accelerated by the bias voltage (ions) or by the energy transfer from the ions’ bombardment 
9 
 
(neutral radicals). (3) The reaction species from the plasma are adsorbed on the sample surface 
and (4) react with the attached thin layer of the substrate top surface. This step is vital because 
most of the surface structures, such as undercutting, uniformity, aspect ratio, and selection of 
material can be determined by the reaction step. (5) Finally, the reaction products leave the 
substrate and diffuse into the plasma. If the products are not volatile, the reaction can be 
stopped. Re-deposition of products before diffusion to the plasma can introduce non-uniform 
process issues. Since the reaction is a combination of all five steps, the process speed is 
determined by the smallest rate.  
 
Figure 1.5 Major steps of plasma etching process. [1] 
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CHAPTER 2 INDUCTIVELY COUPLED PLASMA REACTIVE ION ETCHING   
Etching systems, such as reactive-ion etching (RIE), magnetron-ion etching (MIE), ion beam 
etching (IBE) and chemical-assisted ion beam etching (CAIBE) are routinely used in 
semiconductor or MEMS industries.  For building high-aspect-ratio structures, a deep reactive 
ion etching technique is required. Until the 1990s, people faced at least three problems 
fabricating micro scales with high-aspect-ratio structures. [1] The first was the low etch rate: 
typical silicon etch rates require several hours to etch through a 550 µm silicon wafer. The 
second was the micro loading effect. Ion and radical fluxes were reduced as aspect ratio 
increased, making it more difficult for them to diffuse to the bottom of the trench. Third, mask 
layers were often damaged during a long etch process. To address these issues, inductive 
coupled plasma reactive-ion etching, or ICP-RIE for short, is widely used for many applications 
today.   
2.1 Advantages of ICP  
In Chapter 1, we defined plasma as weakly ionized gas consisted of electrons, ions, radicals 
and gas molecules. To generate and sustain stable plasma, different approaches have been 
taken. Generally, the energy is transferred from an electromagnetic field to a low-pressure 
chamber filled with inert gas. Commonly used energy input methods for plasma generation 
include glow discharge plasma (GDP), capacitive coupled plasma (CCP) and inductively coupled 
plasma (ICP). [2] 
Ideally, the etching process operates at high plasma density and low pressure. High plasma 
density increases the etching rate since more reactive species absorbed by the substrate. Low 
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pressure lengthens the mean free path for electrons and ions, increases anisotropy, and eases 
ionization for the gas molecules. However, typically, low pressure also means low plasma 
density since gas molecules density is reduced. The advantage of inductively coupled plasma 
(ICP) is the ability to generate high density plasma at lower pressure. The use of magnetic fields 
forces the electrons to travel a longer distance since they spin with a small gyroradius, 
increasing the chance that the electrons will collide with the molecules, ionize the gas and 
generate plasma. [1] Another advantage of ICP is the separate control of source power and bias 
power. The magnetic field controls the plasma ionization, determining the density of plasma 
and thus the etching rate of the process.  The bias voltage controls the energy of the ions by 
different accelerating rates. High-speed ions bombard the substrate with higher energy, 
increasing anisotropy. For CCP, the electric field between anode and cathode are used for both 
plasma generation and ion acceleration, making it difficult to adjust the process parameters, 
which are coupled.  
Some major types of ICP geometries include planar, cylindrical and half-toroidal, as shown 
in Figure 2.1 [3]. A more detailed structure for these cylindrical geometries, known as a helical 
resonator, is shown in Figure 2.2. Operated at the standard 13.56 MHz, a coil drives the plasma 
by coupling electrons to the RF magnetic field generated from the RF current. Electrons are 
forced to travel longer distances without colliding with the chamber wall, which increases the 
change of ionization at lower pressures, as previously described.  
Using an ICP-RIE can increase the plasma etching rate due to high density plasma 
generated from the inductively coupled reactor. Klaassen et al. [4] successfully etched a 300 µm 
deep trench in silicon at 5 µm/min using a thin layer of photoresist around 6 µm for protection. 
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The selectivity for the process is very good, about 50:1, since the ions’ energy is kept at a lower 
value to reduce physical bombardment. 
   
Figure 2.1 Major types of ICP geometries. [3] 
 
Figure 2.2 Cylindrical geometries. [3] 
2.2 Major components of ICP system 
Alcatel Vacuum Technology has supplied advanced plasma systems for more than 25 years. 
[8] Alcatel Model A601E is one of its classic ICP systems and delivers high density plasma ideal 
for deep reactive ion etching (DRIE). Since it is heavily used for the DRIE process implemented 
in the current research, understanding of this system is necessary for successful process 
development.  
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Similar to other common ICP systems, the Alcatel Model A601E consists of five major parts: 
a high density plasma source to generate active gas species, a bias power source to transport 
the active species to the surface, chambers with substrate holders, a high vacuum level 
pumping system, and a control system and GUI display. [9]  
Images of the Alcatel Model A601E system from different sides showing some of its major 
components are given in reference paper. [10]  
An inductively coupled plasma generator can provide up to 1800 W RF AC power supply. 
Substrate bias, as we mentioned before, is controlled separately and provided by the second RF 
power source with 200 volts maximum output. The system vacuum level is sustained by two 
paired pump systems. Each pumping system consists of a rough pump and a turbo pump. The 
rough pump provides a proper chamber pressure condition for turbo pump operating. High 
temperature sections of the system are cooled down by chiller water. The substrates holder 
temperature, also called reaction temperature, is controlled by a combination of liquid nitrogen 
and digital heater.    
The load lock requires manual loading/unloading of a substrate. The following images 
show the load lock when not in use or open for loading.  
14 
 
 
Figure 2.3 Load lock. [11] 
A robotic arm transfers the substrate into the reaction chamber. Unlike its counterpart in 
the load lock, the process chamber substrate holder consists of lifters, helium input port, a 
raised portion, and a clamp ring. The raised portion lifts the substrate and secures it with the 
mechanical ring clamp. Helium fills the space between the backside of the substrate and 
substrate holder to improve the thermal conductivity of the system, resulting in accurate 
temperature control of the reaction.  
The substrate’s backside needs to be cleaned before loading into the ICP system. Chemical 
residuals or surface scratches causing an uneven backside can lead to helium leakage, affecting 
the process of plasma flow. Even worse, any adhesive material on the backside can cause wafer 
drop during transfer.  
After a substrate has been loaded into the load lock, all processing is controlled by a 
graphical user interface. If there is a safety hazard or serious system issue, an emergency 
machine off (EMO) button can be used to halt the entire process. [10]  
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2.3 Alcatel GUI and In Situ Monitoring 
The control system provides video displays of the sensor and status information, process 
control information, and data input information through standard Alcatel GUI. 
Each process is defined by a series of recipe steps, which can be customer designed and edited. 
The typical process starts from temperature control and stabilization steps, followed by 
selected etching or cleaning steps. As the process finishes, the system will automatically 
transfer the substrate and vent the chamber for unloading.    
Monitoring the status of the system sensors and process parameters in real time not only 
helps to avoid fatal errors, but also provides more information for results analysis, benefit 
process development, and improvement. Detailed explanations for sensor displays and statuses 
can be found in the user manual [11]. However, some of the parameters requiring specific 
attention are introduced here since they may significantly affect the fabrication results: 
1. Source RF status displays power delivered vs. power reflected. Ideally, the reflected 
power should be kept at zero, to ensure high efficiency energy transfer from the RF 
electric field to plasma output generation.  
2. Process chamber high vacuum sensor isolation valves and process chamber high vacuum 
sensor displays indicate the vacuum condition of the process chamber in idle mode. This 
specific Alcatel model is capable of maintaining a low pressure environment at 
2E-3mTorr level. For safety reasons, checking this system’s base pressure before 
proceeding with any processes is necessary to ensure the pumping system is in proper 
working condition.  
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3. During the etching process, the high vacuum sensor display switches off, while the 
manometer sensor field displays process chamber pressure during process steps. The 
pressure or vacuum level depends on the experiment’s parameters, especially the 
reaction gas flow rate. Typically, the DRIE etching process operates at a pressure level of 
a few mTorr. Lower pressure during the process may indicate the reaction gas source is 
running out and requires refilling.   
4. The reaction chamber’s pressure during the experiment can be controlled in two 
different ways: position control or flow rate control. By using the position control 
method, users control the reaction chamber’s pressure during experiments by setting 
the position of the VAT (throttle valve) valve. Pumping speed reaches the maximum 
value when the VAT valve is set at 100%, or completely reduces to zero when the VAT 
valve is closed. On the other hand, the flow rate control method controls the pressure 
directly using a closed-loop control system. The signal from the manometer is used as 
system feedback to adjust the control parameters. 
5. Reaction temperature control is achieved by applying both low temperature liquid 
nitrogen and a high temperature heater to the backside of the substrate. As mentioned 
before, helium is applied to fill the space between the backside of the substrate and the 
substrate holder to increase the thermal conductivity. The helium mass flow controller 
displays helium flow. Flow above 10 sccm indicates helium leakage, caused by substrate 
backside deformation or contamination, can significantly affect the uniformity of the 
experiment results.  
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2.4 Bosch process 
Instead of a one-step plasma etching process, one widely used alternative to 
high-aspect-ratio silicon etching is called the “Bosch process”. Also known as pulsed or 
time-multiplexed etching, the Bosch process introduces a so-called blocking mechanism. It 
normally starts with a short-cycle etching process (no more than a few seconds), no different 
from ordinary isotropic plasma etching, with a polymer-based deposition layer introduced 
during the second pulse. The polymer covers the sidewall as well as the bottom of the trench to 
form a passivation layer a few nanometers thick. Then another etching process follows. This 
leads to anisotropic etching of the polymer as bias voltage accelerates the ions’ directionality. 
Ion bombardment mainly clears the polymer from horizontal surfaces, exposing the silicon 
substrate for the reaction radical chemical etching. The sidewall of the trench will be protected 
and the etch proceeds only in the vertical direction as Figure 2.4 shows. Passivation gases such 
as C4F8, BCl3 and CF2Cl2 are used as sources of a protection layer.  
 
Figure 2.4 Blocking mechanism. [1] 
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An example of the etching process is introduced here to better understand the blocking 
mechanism. Manos et al. [1] discussed trench profile manipulation by introducing hydrogen to 
plasma as shown in Figure 2.5. The top image shows the etching rate varies with concentration 
changes of applied hydrogen. If hydrogen is added to CF4, the fluorine-to-carbon ratio is 
reduced. Polymerization pulse introduces a thicker passivation layer. A higher ratio of etching 
gas is consumed to remove the polymer from the bottom of the trench, causing the etching 
rate to be reduced. When the ratio reaches a certain value, the etching rate decreases to zero. 
It also compares reactions proceeding at two different bias voltages. Ions have higher energy 
bias voltage is applied, increasing bombardment efficiency and etching speed.  
 
Figure 2.5 Trench profile change with the fluorine-to-carbon ratio [1] 
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Other materials may require different types of plasma based on the chemical reaction 
requirements. Take aluminum etching as an example. Fluorine-based plasma is not working 
since the aluminum fluoride is involatile. The reaction products cover and prevent the substrate 
from further etching. Chlorine-based gas, such as CCl4 and Cl2, are good alternative gas sources 
for aluminum, which can afford high-aspect-ratio and near vertical sidewall profile.  
The Bosch process typically can achieve aspect ratios of 20–30:1 if the micro loading effect 
is not dominant, and etching rates of higher than 10 µm/min are standard for MEMS and 
semiconductor industries. As referenced, in a Plasma-Therm high-density system, some typical 
etching characteristics are listed in Table 2.1 for a two-pulse process switches alternatively 
between passivation and etching. By etching from both sides of the wafer, the aspect ratios can 
be further improved. Chow et al. etch through a 400 µm wafer with 10 µm opening holes. [13] 
Table 2.1 Typical etching characteristics. [1] 
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2.5 Advanced Bosch process 
High-aspect-ratio deep reactive ion etching (DRIE) using the Bosch process is very 
successful in enabling vertical trenches with aspect ratios as high as 20:1. However, as an 
aspect ratio further increases, the micro loading effect dominates the profile, especially for 
etching small features.   Recent work to improve etching profiles has demonstrated that 
insufficient removal of passivation residue is the major reason for tapered profile sidewall. [5] 
To resolve this problem, Reza et al. [6] introduced a method to remove the polymer by applying 
an additional depassivation pulse in between the passivation pulse and etching pulse. This 
modification enables separate parameter control of depassivation and substrate etching, 
resulting in better sidewall profiles and higher aspect ratios.    
The basic Bosch process consists of two separate steps, etching and passivation. A 
commonly used gas combination is SF6 and C4F8. SF6 is the source of high reactive fluorine 
radicals, used for the etching process, while the C4F8 introduces a carbon-based passivation 
layer for sidewall protection, shown in Figure 2.6. During the etching process, the initial portion 
of SF6 flux is dedicated to removing the passivation layer from the bottom of the trench and 
exposing the silicon to fluorine radicals. For a basic Bosch process, the parameters for the 
etching process are constant for both depassivation part and etching. As the aspect ratio 
increases, ion flux is reduced at the bottom, since ions require higher energy to travel through 
the trench vertically without being absorbed by the sidewall. The ions’ energy depends on the 
bias voltage at the ICP system. Increasing bias voltage during the etching process results in an 
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electric field near the cathode. The ions diffused to the cathode black space are accelerated to 
higher speed with higher energy. However, this approach may also increase the number of 
scattered ions due to high-energy ion bombardment, leading to sidewall damage and 
undercutting.  
 
Figure 2.6 Basic Bosch process. [5]  
To the extent the aspect ratio limitation without sidewall profile quality compromise, 
independent control of depassivation and etching is necessary. Modified Bosch process with 
separate pulse for depassivation or so-called three-pulse Bosch process is developed on a 
Plasma-Therm ICP system. [6] 
The depassivation gas could be SF6, argon, and oxygen. All the parameters are shown in 
Table 2.2. Pulse duration, gas flow rate, pressure, bias voltage, and coil power are kept constant 
for better understanding the effect of gas type. SEM images in Figure 2.7a and Figure 2.7b show 
an etched trench using SF6 and oxygen, respectively, as a depassivation gas. In the initial 
experiment, the bias voltage was set to be 50 V for SF6 depassivation. In the other experiment, 
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the bias was set to be 30 V and passivation time was increased to 8 s. Both images show 
successful fabrication of high-aspect-ratio features as high as 30:1.  
Table 2.2 Three-pulse Bosch process [6] 
Step/parameter Period (s) Gas flow 
(sccm) 
Pressure 
(mTorr) 
Bias voltage 
(V) 
Coil power (W) 
Passivation 5 C4F8 (70), Ar 
(40) 
15 0 800 
Depassivation 3 Variable 15 Variable 800 
Etching 4 SF6 (75) 16 42 800 
 
 
Figure 2.7a Profile and sidewall using SF6 as the depassivation gas. [6] 
 
Figure 2.7b Profile and sidewall using oxygen as the depassivation gas. [6] 
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To further improve the profile and aspect ratio, an argon-based DRIE recipe was developed. 
Argon has the highest vertical-to-horizontal etching ratio among several commonly used 
chemicals. [7] Since argon is chemically inactive, argon depassivation is a pure physical process 
by sputtering passivation polymer away from the bottom of the trench. Compared with the 
chemical etching process, physical bombardment is more anisotropic and far slower, resulting 
in a better sidewall profile and improved process stability. However, the sputtered polymer 
material could re-deposit on the substrate or sidewall, introducing non-uniform trench profiles 
or causing black silicon issues. The four-pulse argon-based recipe provides a solution for this 
problem. After each cycle, a short oxygen pulse is applied to remove re-deposited polymer 
particles. Typical fabricated results are shown in Figure 2.8. The aspect ratio is further increased 
and the trench shows a smooth sidewall profile without scalloping or striation.  
 
Figure 2.8 Profiles etched using the four-pulse argon-based recipe.[1] 
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CHAPTER 3 CHARACTERIZATION OF THE SILICON NANOPILLAR-SURFACE FILLED 
WITH NANOMATERIALS 
Modified from a paper published in Materials Research Express 
 
Yuan He, Xiangchen Che and Long Que 
3.1 Introduction to Nanopillar-surface Filled With Nanomaterials 
In the past decades, nanopillars have been fabricated from different materials [13, 14], 
using either a bottom-up approach or a top-down approach [15, 16]. For the bottom-up 
approach, the nanopillars are usually grown by a vapor-liquid-solid method using metal 
catalysts [15]; for the top-down approach, the nanopillars are typically fabricated using 
nanolithography (i.e., electron-beam lithography). Electron-beam lithography can draw custom 
patterns with 10 nm resolution; nanosphere lithography (NSL), followed by a dry etching 
process [16, 17] can also be used for top-down, high-density nanopillar formation. In this 
chapter, a NSL-based silicon nanopillar-surface fabrication process will be used. These 
fabricated nanopillars will be filled and grafted with nanomaterial to form an antireflection 
surface as a demonstration of one potential application for this unique nanostructure.   
Nanopillars have been utilized for various applications. Silicon-based nanopillars, 
mimicking moth-eyes [15, 20, 21], are a commonly-used technical platform, demonstrated as 
an efficient antireflective surface in solar cells. It has been demonstrated that reflectance can 
be as low as 0.5% from a silicon nanopillar-surface over a range of spectra from 550 nm to 870 
nm [20]. How to further reduce or tailor Si nanopillar-surface reflectance across a broad 
spectral range is still a very important research topic, and particularly critical for further 
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enhancement of the conversion efficiency of silicon solar cells. Ideally, this type of 
nanopillarsurface can offer zero reflectance across a broad spectral range of sunlight. As a 
result, all the incoming photons can be trapped by the nanopillar’s surface and consequently be 
converted into electricity. It has been found that the material type, the diameter, and the 
length of nanopillars, as well as the spacing between them, are the main parameters to affect 
reflectance and photon trapping [15]. These parameters can be modified to tailor the 
absorption spectrum. 
When the reflectance of a Si nanopillar surface reaches a certain level, nanopillar 
parameter optimization reaches its limit and cannot further increase optical absorption. As 
previously mentioned, the reflectance of an optimized Si nanopillar surface can be as low as 0.5% 
[20], but cannot continue to decrease to zero solely through optimizing the parameters of the 
nanopillar surface. Hence, once the optimization of these parameters is complete, new 
approaches are required if the photon trapping by the nanopillar surface needs further 
improvement. One approach is modification of the material composition of the nanopillar 
surface. 
A Si nanopillar surface consists of two materials: arrayed Si nanopillars and the air 
surrounding them. Air is not a good medium for absorbing and trapping photons. Hence, the air 
should be replaced by another material in order to achieve improved performance. It has been 
found that some nanomaterials can absorb photons at significant rates [22–28], and the 
absorption capability of the nanomaterials can be tuned by changing their size, shape, and 
composition [22–28]. Therefore, it is possible that optical absorption or photon trapping can be 
further improved by replacing the air among the nanopillars with nanomaterials. 
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To this end, one simple and straightforward approach is to attach and/or add some 
nanomaterials directly to the nanopillar surface so that the air among nanopillars can be filled 
with nanomaterials; alternatively, the nanopillars can also be grafted with nanomaterials. In the 
present research, a Si nanopillar surface grafted with different nanomaterials has been 
fabricated and its properties have been studied. In this effort, the Si nanopillar-surface is not 
optimized for lowest reflectance; instead, the main focus is to demonstrate that the 
nanomaterials grafted with the Si nanopillar surface can improve its optical trapping compared 
to an identical bare Si nanopillar-surface. Specifically, two types of nanomaterials, CuS–Au 
core-shell nanostructures and silver nanoplates, are each used separately to replace the air in 
the nanopillar surface as technical demonstrations. It is anticipated that other types of 
nanomaterials can also be used to replace the air for enhancing optical absorption across a 
specific wavelength range. 
3.2 Experimental details 
3.2.1 Chemicals and materials 
Polystyrene nanosphere beads of different sizes (500 nm, 1000 nm, 3000 nm) were 
purchased from Fisher Scientific Inc. Triton X-100 and methanol were both purchased from 
Sigma-Aldrich Inc. Deionized (DI) water was obtained from a DI water purification system 
(Millipore, FRANCE). Silicon wafers were obtained from Ultrasil Corp. Chemicals for surface 
cleaning and treatment including acetone, IPA, 98% sulfuric acid and 30% hydrogen peroxide 
were all obtained from Sigma-Aldrich Inc. The CuS–Au core-shell nanostructures (CuS–Au NSs) 
were synthesized as described in [29]. Silver nanoplates (Ag NPs) (diameter 150 nm) were 
purchased from nanoComposix, Inc. 
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3.2.2 Fabrication of silicon nanopillar-surface filled and grafted with nanomaterials 
First, 4 inch silicon wafers are cut into 2 cm× 2 cm pieces. Then each piece is cleaned by 
acetone, IPA, DI water, with the help of ultrasonication for 20 mins in each solution in sequence. 
Then the silicon pieces are immersed into a fresh piranha solution (a mixture of sulfuric acid 
and hydrogen peroxide (3:1)) in a beaker, which is kept on a hot plate at 60 °C for half an hour. 
Thereafter the silicon pieces are taken out from the beaker and rinsed thoroughly by DI water. 
After the surface treatment, the silicon pieces can be used immediately; otherwise, they should 
be stored in DI water to avoid formation of native oxide for future use. 
At this point, the polystyrene (PS) beads are dispersed uniformly in a solution containing 
Triton X-100 and methanol (1:400). Then a certain amount of the PS-bead solution is directly 
applied to each silicon piece by a micropipette. The solution is left to dry without any 
disturbance at room temperature for several hours. As shown in Figure 3.1, the PS nanosphere 
beads are self-assembled into a close-packed monolayer. The beads are then tailored by oxygen 
plasma to shrink their size. Specifically, 500 nm nanospheres are etched by reactive ion etching 
(RIE) at 60W and 50 sccm for 90 s, while 1000 nm and 3000 nm nanospheres are etched under 
the same conditions for 240 s and 600 s, respectively. 
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Figure 3.1. Process flow to fabricate the silicon nanopillar surface: (a) a self-assembled 
monolayer (SAM) of PS nanosphere beads formed on silicon substrate; (b) the size of the PS 
nanosphere beads is shrunk by a RIE process; (c) an ICP is carried out to form silicon nanopillars, 
followed by removing the remaining PS nanosphere beads; (d) nanomaterial solution is applied 
by dropper on the nanopillar surface.  
 
Using the PS nanosphere beads as the mask, an inductively coupled plasma (ICP) Bosch 
process is applied for etching the unprotected silicon and forming the nanopillar structures. In 
this process, alternate cycles of etching in a flow of SF6 (75 sccm, 3 s) and passivation in a flow 
of C4F8 (60 sccm, 3 s) are used. The plasma is generated with an RF power of 800W and a 
platen power of 50 W. The temperature is kept at 20 °C by a stream of nitrogen gas. Nanopillar 
height can be controlled by adjusting the number of process cycles. In a typical experiment, the 
height of nanopillars is approximately 1 μm for a 3 min ICP process (30 cycles) using 1000 nm 
beads as the mask. 
After the etching process, the samples are treated with oxygen plasma to remove the 
residual beads and improve the wetting performance. Then the nanomaterial solutions are 
deposited on the silicon nanopillar surface using a micropipette. In order to produce a uniform 
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deposit, the nanomaterial solution is ultrasonically stirred for a couple of hours, allowing the 
nanomaterials to be dispersed uniformly into the solution. After the nanomaterial solution 
coating is administered by a dropper, the silicon nanopillar surface is left to dry at room 
temperature. 
3.2.3 Characterization 
The solution of CuS–Au NSs or Ag NPs is used to fill and coat the silicon nanopillar surface. 
As mentioned, the silicon nanopillar surface can be rendered hydrophilic by carrying out oxygen 
plasma treatment and a piranha bath. Then the nanomaterial solution is applied on the surface. 
All the optical measurements are taken after the solution on the surface has dried. The detailed 
optical setup is illustrated in Section 3. 
The reflectance of the nanomaterial-coated nanopillar surface is measured using an Ocean 
Optics USB4000 Spectrometer. The optical source is a tungsten halogen source (Ocean Optics, 
Inc.). The spectrometer is USB4000-VIS-NIR (Ocean Optics, Inc.), which can measure the 
spectrum from 350 nm to 1050 nm. The contact angle of the nanomaterial solution on the 
silicon nanopillar surface is measured using a Contact Angle System OCA (Dataphysics, Inc.). The 
surface morphology of the samples is characterized by a scanning electron microscopy (SEM, 
HITACHI S-4800). To analyze the antireflection properties at different incident angles, light 
reflection intensity at 0, 20, 30, 40, 50, 60 degree is recorded.  
Each experiment discussed below has been performed at least three times to eliminate 
random errors. In order to obtain accurate results, reflectance measurements from bare flat 
silicon pieces were also taken at each incident angle as reference points. 
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3.3 Results and Discussion 
3.3.1 Fabricated Arrayed Nanopillars 
Some representative SEM images of the fabricated Si nanopillars are given in Figure 3.2. In 
Figures 2(a) and (b), the nanopillars are fabricated using 0.5 μm beads as the mask. The size of 
the beads has shrunk to 150 nm; at this size ICP etching was performed to form the beads into 
nanopillars. As a result, the typical diameter of the resulting nanopillars is 100–150 nm as 
shown in Figure 3.2(a). On the other hand, the nanopillars can collapse (Figure 3.2(b)) if the 
sidewalls of the nanopillars are over-etched. Hence, in order to obtain robust arrayed 
nanopillars, the lateral etching of the nanopillars should be minimized. This can be achieved by 
increasing the time of the depositing cycles during an ICP process. 
 
 
 
31 
 
 
Figure 3.2. SEM images: Nanopillars fabricated by the nanosphere lithography (NSL) process 
using 500 nm beads [(a)–(b)]; 1000 nm beads [(c)–(d)]; 3000 nm beads[(e)–(f)]. 
 
When the bead size increases to 1 μm or 3μm, after shrinking the size of the beads to 500 
nm as the mask, the typical diameter of the nanopillars is in the range of 400 nm to 500 nm. 
The resulting arrayed nanopillars are very robust, and few collapses have been observed as 
shown in Figures 3.2(c)–(f). The height of the nanopillars can be readily made as tall as 5–10 μm. 
Usually, for the same height of the nanopillars, increasing the diameter of the nanopillars 
lowers the possibility of the collapse of the nanopillars. However, it has been found that very 
few nanopillars collapse even when their height-to-width ratio (HWR) is up to 20:1. In addition, 
the gap/space area among nanopillars can also be readily modified by reducing the size of the 
beads during the RIE etching step, shown in Figure 3.1(b). For instance, using the same beads as 
the mask, in Figures 2(c) and (d), the gaps among nanopillars can be easily changed from 250 
nm to 500 nm, respectively. 
3.3.2 Contact angle measurements and surface topology of the nanopillar surface 
The hydrophobicity of the surface of the nanopillars is a very important characteristic. 
Ideally the nanopillarsurface should be hydrophilic, in order to efficiently add solution-based 
nanomaterials and ensure they either coat the nanopillars or fill the spaces between them. It 
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has been found that a freshly fabricated nanopillar-surface always has some degree of 
hydrophobicity. The typical contact angle for this type of surface is 43 degrees, as shown in 
Figure 3.3(a). After oxygen plasma treatment and an ultrasonic wash in piranha solution, 
sample surfaces are rendered hydrophilic with a contact angle close to 16 degrees (Figure 
3.3(b)). As a result, the nanomaterials in the solution can coat the nanopillars and fill the space 
among them very efficiently. The surface topology of the samples has been examined, and 
some SEM images are shown in Figures 3(c) and (d), before and after the nanomaterials have 
been applied. By adding the nanomaterial solution by dropper, the nanomaterials can uniformly 
coat the nanopillar surface and fill the spaces between them (upper left in Figure 3.3(d)). 
 
Figure 3.3. (a) Contact angle is 42° for nanomaterial solution on a fresh silicon nanopillar 
surface; (b) contact angle is 16° for silicon nanopillar surface after treatment; (c) SEM image of 
a fresh silicon nanopillar surface: air gaps among nanopillars; (d) SEM showing the air gap filled 
with nanomaterials in the upper portion of the nanopillar surface. 
 
In contrast, it has been observed that aggregations of nanomaterials can be formed the 
tops of nanopillars if the surface is hydrophobic. In this case, the dried nanomaterials usually 
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are not uniformly distributed across the nanopillar surface and therefore cannot fill the space 
among them. Instead, some circular thin-layer strips of nanomaterial are formed. This is 
because the solution droplets cannot collapse and cover the hydrophobic surface uniformly. 
The nanomaterials inside the droplets tend to aggregate to the periphery of each droplet. After 
the droplets dry, the aggregated nanomaterials form circular strips on the surface, causing a 
lack of uniformity in the coating. This non-uniform coating is anticipated to affect the optical 
properties of the samples. 
3.3.3 Reflectance from surface with and without nanopillars 
For comparison, two types of samples have been prepared. One sample (S1) is a flat silicon 
surface coated with CuS–Au NSs. The other sample (S2) is a silicon nanopillar surface filled 
and/or grafted with CuS–Au NSs. The average height of the nanopillars is 500 nm. For both 
samples, varying amounts (i.e., 4 μL) of nanomaterial solutions have been coated on their 
surfaces. The measurement process is shown in Figure 3.4(a), which is used to measure 
reflectance when the light is incident on the surface of the sample at a perpendicular angle. The 
optical fiber probe for the measurement is the Fiber Optic Reflection/Backscattering Probe 
(Ocean Optics, Inc.). This probe consists of a tight bundle of 7 optical fibers in a stainless steel 
ferrule with 6 illumination fibers around 1 read fiber. Specifically, for the reflectance 
measurement, the optical fiber probe delivers the optical light perpendicular to the surface of 
the sample, and at the same time the probe collects the reflected optical light from the sample 
surface, leading to a spectrometer.  
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Figure 3.4. (a) Process for the normal reflectance measurement; (b) close-up image showing 
nanopillar surface filled/grafted with nanomaterials in the air gap; (c) reflectance from a flat 
silicon surface and a surface coated with 4 μL CuS–Au NSs, respectively; (d) reflectance from a 
flat silicon surface; a Si nanopillar surface and a nanopillar surface coated with 4 μL CuS–Au 
NSs. 
 
A close-up SEM image showing the nanomaterial-filled nanopillar surface is given in Figure 
3.4(b). The reflectance is shown in Figure 3.4(c) from Sample S1 coated with 4 μL of 
nanomaterial solution. It has been found that reflectance decreases compared to that from a 
bare flat silicon surface. The reflectance from Sample S2 is shown in Figure 3.4(d). As shown, 
the reflectance from the bare nanopillar surface is reduced significantly compared to that from 
a flat silicon surface. Upon coating nanomaterials, reflectance can be further reduced. For 
instance, after being coated with 4 μL nanomaterial solution, reflectance reduction is 20% on 
average. Experiments also find that by coating 8 μL nanomaterial solution, reflectance 
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reduction is 50%. It should be noted that by optimizing the nanopillar alone, the reflectance 
from an optimum nanopillar surface can be as low as 0.5% compared to that of a flat silicon 
surface [20]. Since the proper coating of the nanomaterials to the nanopillarsurface can further 
reduce the reflectance, it might be possible to render a reflectance approaching zero through 
optimization of the nanopillar surface and the addition of a coated nanomaterial. 
3.3.4 Reflectance measurements under different incident angles 
The measured reflectance under normal conditions on the nanopillar surface filled/grafted 
with different amounts of CuS–Au NSs is given in Figure 3.5(a). The height of the nanopillars is 
500 nm on average. All the measurements are normalized to the reflectance from a bare 
nanopillar surface. As shown, the reflectance always decreases across a spectrum from 350 nm 
to 1050 nm, which is the detection range of the spectrometer used in the current experiments, 
by increasing the amount of the CuS–Au NSs solution. When 8 μL of CuS–Au NSs solution coats 
the nanopillar surface, reflectance reduction can be more than 50% compared to a bare 
nanopillar surface. 
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Figure 3.5. (a) Normal reflectance from Si nanopillar surface coated with 2 μL, 4 μL, 6 μL and 8 
μL CuS–Au NSs, respectively; (b) process for measuring angled reflectance from the samples; (c) 
measured reflectance from a Si nanopillar surface (blue line), and a nanopillar surface coated 
with 2 μL CuS-Au NSs (red line) at different incident angles. The reflectance is normalized to the 
reflectance from a flat silicon surface; (d) measured reflectance from a nanopillar surface 
coated with 2 μL CuS–Au NSs, normalized to the reflectance from a bare nanopillar surface at 
different incident angles, respectively. 
 
The process for reflectance measurement from other incidence angles on the sample is 
shown in Figure 3.5(b). The incident angle from the optical fiber to the samples is tuned from 
20 degrees to 60 degrees, and corresponding adjustments are made to the receiving angle of 
the other optical fiber. As an example, the measured average reflectance results across the 
spectrum for the sample with 500 nm high nanopillars are given in Figure 3.5(c), which are 
normalized to that from a flat bare silicon surface. In this case, the amount of the applied CuS–
Au NSs is 2 μL. It has been found that reflectance is highly related to the incident angle for both 
the bare nanopillar surface and the nanopillar surface coated with CuS–Au NSs. Specifically, the 
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smaller the incident angle, the lower reflectance from the sample, thus the larger the amount 
of trapped photons by the sample. For the nanomaterial coated nanopillar surface, reflectance 
reduction under normal incidence (0 degree incident angle) is the largest compared to the bare 
slicon surface; this is due to the fact that the photons can enter and penetrate deep into 
nanomaterials filling the space among the nanopillars, and thus cannot easily escape [21]. The 
reflectance from the nanomaterial coated nanopillar surface normalized to that from a bare 
nanopillar surface is shown in Figure 3.5(d).  
3.3.5 Reflectance measurements of the nanopillar surface filled and grafted with different 
nanomaterials 
The reflectance of the nanopillar surface filled and grafted with different nanomaterials 
has also been studied. In these experiments, the average height of the nanopillars is 1500 nm. 
The CuS–Au NSs and Ag NPs have been coated on the nanopillar surface, respectively.  
The measured reflectance from the CuS–Au NSs coated nanopillar-surface is given in 
Figure 3.6(a). As expected, reflectance decreases with an increased amount of CuS–Au NSs. The 
reflectance can be reduced more than 50% compared to a bare nanopillar surface. It has also 
been observed that the overall average reduction in reflectance for nanopillar samples of 
different heights changes when the same amount of nanomaterials is coated on the nanopillar 
surface. In contrast, there is a distinct difference in the reflectance profile between a 1500 
nm-high nanopillar surface (figure 3.6) and a 500 nm-high nanopillar surface (figure 3.5(a)). 
Specifically, the reflectance profile for 1500 nm-high nanopillar surface shows little 
fluctuations compared to that for the 500 nm-high nanopillar surface across the measured 
spectrum from 350 nm to 1050 nm. Measurements on several samples of 500 nm-high 
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nanopillar surfaces show consistent large fluctuations in reflectance across the aforementioned 
spectral range. This is due to the reflectance fluctuations of the bare nanopillar surface of this 
type. In contrast, the reflectance from a bare 1500 nm-high nanopillar surface has small 
fluctuations, resulting in small fluctuations of the reflectance after being coated with 
nanomaterials. The uniform reduction of the reflectance across the spectrum indicates that the 
taller nanopillars can achieve more uniform photon trapping of different wavelengths, thereby 
benefiting solar energy harvesting.  
 
Figure 3.6. Measured normal reflectance from 1500 nm Si nanopillar surface. The reflectance is 
normalized to that from a bare Si nanopillar surface: (a) Si nanopillar surface coated with 2 μL, 4 
μL, 6 μL, 8 μL CuS-Au NSs, respectively; (b) Si nanopillar surface coated with 2 μL, 4 μL, 6 μL, 8 
μL Ag NPs, respectively. 
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The measured reflectance from the Ag NPs coated nanopillar surface is given in Figure 
3.6(b). Again, the overall trend in the reflectance is similar to that of the CuS–Au NSs coated 
surface. But its reflectance profile has some difference, which is particularly clear when the 
amount of the Ag NPs increases. For instance, when 8 μL of Ag NPs solution is applied and 
coated on the sample, the reflectance across the spectrum from 700 nm to 900 nm becomes 
smaller than that from the CuS–Au NSs coated sample, which is due to the increased optical 
absorption of the Ag NPs in this spectral range [30]. As a result, the improved optical absorption 
uniformity across the spectrum from 450 nm to 900 nm is achieved for the Ag NPs coated 
nanopillar surface. This observation suggests the possibility of reducing the reflectance from 
the nanopillar surface in a different spectral range by simply applying different types of 
nanomaterials. This characteristic could provide an ideal technical basis for a “smart” window 
by fabricating a nanomaterial-filled nanopillar surface on a transparent substrate (e.g., glass 
substrate). This type of window could be used as an efficient light absorber for solar energy 
harvesting while selectively changing the light transmission [31]. 
3.4 Conclusion 
In this chapter, a Si nanopillar surface filled and grafted with nanomaterials was fabricated, 
and its optical absorption was characterized. The nanomaterials can fill the air gap among 
nanopillars and coat the nanopillar surface uniformly after the nanopillar-surface was rendered 
hydrophilic. By replacing the air with nanomaterials among the nanopillars, the reflectance 
from the nanopillar surface can be reduced by over 50% compared to that from a bare 
nanopillar surface. Using different nanomaterials, the absorption of the optical spectrum can be 
modified, offering a simple technique to tune the absorption of photons of different 
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wavelengths. This type of nanopillar surface could be very useful for increasing photon 
capturing, tuning and expanding the optical absorption spectral range of photons, thereby 
benefiting solar energy harvesting technology. 
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CHAPTER 4 SURFACE ENHANCED RAMAN SPECTROSCOPY (SERS) SUBSTRATE 
BASED ON SILICON NANOFOREST 
4.1 Introduction to Nanoforest Formation 
A common issue of non-uniformity with deep RIE is nanoforest or black silicon structure 
formation. Silicon nanopillars, introduced in the last chapter, are one type of high-aspect-ratio 
nanostructure, with depth from a few to several micrometers. In this case, the etching process 
needs to be operated under specific conditions to ensure a vertical sidewall profile, since 
negative tapped sidewalls may cut off nanopillars, while positive tapped sidewalls will introduce 
a micro-loading effect. The process window for a vertical sidewall profile is normally narrow, 
especially for fabricating nanometer scale features. If the window is missed, carbon based 
polymer residual starts to integrate on the substrate and forms a nanoforest. More details 
considering the parameter effects for the fabricated features will be discussed in Chapter 6. The 
SEM image in Figure 4.1 shows fabricated nanopillars with a self-formed nanoforest using the 
aforementioned deep RIE process.  
 
Figure 4.1 Fabricated nanopillars with self-formed nanoforest 
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Nanostructure self-formation, caused by non-uniformity, can be eliminated by tuning 
process parameters. However, this unique structure also has potential applications: this black 
silicon with its sharp tips is an ideal structure for SERS detection [35]. SERS is a technique that 
enhance molecules’ Raman signal by attaching the molecules to rough metal surfaces or to 
metal nanostructures. It was first observed on roughened silver surface in 1970s and researches 
base on this technique have been reported extensively since then. This technique can be a 
powerful tool for chemical sensoring, since it can significantly enhance the detection sensitivity 
of Raman spectroscopy, providing a detectable fingerprint to identify molecules. [33] Today the 
most commonly used method to prepare SERS surface is by coating a silicon or glass surface 
with nanostructured metal surface. Different processes have been developed for the substrate 
preparation, such as using electrochemically roughened silver or lithography patterned gold. 
[34]  
In this chapter, SERS substrate were prepared by silicon deep etching through ICP to form 
nanoforests structure, or so called black silicon, and the nanoforests structure were covered by 
a gold layer through sputtering coating. Different approaches have been utilized for black 
silicon formation in the past decades. For example, I-Ming et al. created both nanopores and 
nanopillars through rough silicon surfaces, followed by thin masking layer deposition and DRIE 
[34], and Fang Ji et al. successfully fabricated a nanoforest array on a SOI wafer [36]. Most of 
these processes involve using SF6 and O2 as reactive gases [32][34][35].  In this chapter, a 
two-step DRIE process is developed using ICP for efficient black silicon formation using standard 
Bosch process reactants SF6 and C4F8. The fabrication process is suitable for large surfaces and 
relatively inexpensive. A standard analyte Rhodamine 6G (R6G) shows a significant 
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enhancement in SERS signals once R6G was applied to the fabricated SERS surface. In addition, 
a demonstration is presented for single-step detection of bacterial (E.coli) using SERS 
spectroscopic sensing.  
4.2 Experimental Details 
4.2.1 Chemicals and Materials 
In this study, 4-inch single side polished silicon wafers were purchased from Ultrasil Corp. 
Deionized (DI) water was obtained from a DI water purification system (Millipore, FRANCE). 
Chemicals for surface cleaning and treatment including Acetone, IPA were all from 
Sigma-Aldrich Inc. Silver nanoplates (AgNPs) (diameter~150nm) were purchased from 
nanoComposix. Inc. Rhodamine 6G was obtained from Sigma-Aldrich Inc. The bacterial strain 
(Escherichia coli K12 ATCC 10798) was purchased from ATCC. 
4.2.2 Fabrication of the Silicon Nanoforest Surface 
The wafers were first diced into 2cm × 2cm pieces for mass production. Then each piece 
was washed with acetone, IPA, DI water, with the help of ultrasonication in sequence. Each 
cleaning step took 10 mins and the whole process was repeated three times. After cleaning, 
wafer slices were dried by nitrogen gun and dehydrated by hot plate baking at 100 Co for 20 
mins.  
The pre-cleaned silicon slice was first etched by exposure to ICP plasma for a standard 
Bosch process. The anisotropic plasma etch applied alternate cycles of etching in a flow of SF6 
(70 sccm, 3s) and passivation in a flow of C4F8 (55 sccm, 3s) (figure 4.2 a-b). The plasma was 
generated with an RF power of 800 W and a platen power of 50 W, while the temperature was 
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kept at 20oC by a stream of nitrogen gas. As a consequence of the high density of passivation 
residues due to the excessive C4F8 supply, a local passivation layer formed, acting as a mask and 
causing the surface to roughen [38]. This roughness can be controlled by adjusting the process 
operation time; in a typical experiment, the roughness peaks around 300nm for a 5 min 
process. 
After the first DRIE process, the silicon slice was treated with oxygen plasma in the same 
chamber for 10s (300 sccm) with 1800 W RF power and 100 W platen power (Figure 4.2.c). The 
combination of local excessive deposition of reaction products from DRIE and the oxygen 
complex introduced from RIE oxidation formed masking spots at the peaks of the silicon 
roughness surface [38].  
The sample surface was treated with another DRIE in the same ICP system. The second 
deep plasma etch applied alternate cycles of etching in a flow of SF6 (70 sccm, 3s) and 
passivation in a flow of C4F8 (35 sccm, 3s) (Figure 4.2.d). The plasma was generated with an RF 
power of 800 W and a platen power of 50 W while the temperature is kept steady at 20oC. 
From a series of experiments, it showed the vertical growth of the needles highly depends on 
the roughness introduced from the first DRIE. Two extreme conditions were used, the SF6 
etching precursor only or the C4F8 deposition precursor only. The experimental consequences 
were a) a relatively smooth surface after the first DRIE process and b) no nanoforest formation 
from SEM examination for either condition.  
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Figure 4.2 Nanoforest formation caused by integrated passivation residual polymer. 
4.2.3 Characterization 
Au sputtering coating for nanoforest was introduced after the second DRIE. The thickness 
of the Au layer was set to 25 nm. The nanostructure surface can be rendered hydrophilic by 
carrying out oxygen plasma treatment.  
After Au coating and surface treatment, two experiments were carried out. In the first 
demonstration, the SERS signal of Rhodamine 6G (R6G), a standard analyte, was detected when 
it was applied to the SERS surface. All the R6G testing silicon nanoforest samples were merged 
into the R6G solution overnight for saturated adsorption. The following silver particle 
deposition was carried out after the silicon nanoforest surface was removed from the R6G 
solution and dried at room temperature environment without direct light exposure. 2µl silver 
particle solution was dropped directly onto the substrate and left to dry for 60 mins.  
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Following this, the second experiment was carried out to detect the enhanced fingerprint 
signal of a bacterial cell. The bacteria were grown in LB medium at 37   for 18 h. Then the 
bacterial cells were centrifuged and washed with distilled water (18.2 MΩ). Cell damage was 
implemented by boiling (100  ) the washed solution for 15 min. The chip was immerged into 
and incubated in the cell-damaged bacteria solution for 4-5 hours at room temperature. The 
SERS measurements were operated after the chip was air-dried.  
The surface morphology of the silicon nanoforest was characterized by SEM (HITACHI 
S-4800). A DXR Raman microscope (Thermo Scientific, Waltham, MA, USA) was used for Raman 
spectra acquisition with 780 nm excitation at 10 mW, 10× objective. The laser exposure time 
was 60 s and spectral resolution was 2.4–4.4 cm−1. The OMNIC™ suite (Thermo Scientific, 
Waltham, MA, USA) was used for data processing.  
4.3 Results and Discussion 
4.3.1 Fabricated Nanoforest 
SEM images of the fabricated Si nanoforest are presented in Figure 4.3. As we mentioned 
before, the diameter and height of these nanoforests could be adjusted by changing the 
deposition residual amount and Bosch process cycles. A typical diameter of the resulting 
nanoforest is 10-20 nm on the tip and 50-100 nm on the button while the height-to-width ratio 
can be as much as 10:1, as shown in Figure 4.3.a. The fabricated nanoforests are robust enough 
for routine bio-chemistry experiments such as drug loading, hot plate baking, water solution 
rinses, etc. However, since the silicon-based nanostructures are on the scale of nanometers, 
these needles are easy to collapse under microsonicator cleaning conditions, making the 
structure difficult to clean once drugs or nanoparticles have been introduced into and absorbed 
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by the sample surface. Hence, the bare silicon nanoforest can't be reused and is not compatible 
with some certain multistep experiments where heavy duty cleaning is required. When the 
nanoforests are coated by gold layers through sputtering, the needles’ sidewalls become 
smoother, reducing the roughness caused by the alternative cycles of Bosch process through 
gold layer coating and localized defusion. Meanwhile, the resulting gold-coated nanoforests, 
shown in Figure 4.3.b, c, d, are very robust comparing with the silicon-only nanoforest. The 
enhancements in hardness & toughness are caused by not only increasing the diameter of 
nanoforests but also strenthening their structure through high-density gold layer coating.   
 
Figure 4.3. SEM images of the fabricated Si nanoforest 
4.3.2 R6G SERS Measurement on Nanoforest 
First of all, we studied the SERS activity of the nanoforest versus bare silicon. A standard 
analyte, Rhodamine 6G (R6G) was used with a concentration of 10µM. The average height of 
the nanoforest is ~2µm. All of the testing samples were fully emerged into a R6G solution for 24 
hours to assure saturation adsorption. Since it is difficult to identify the specific deposited R6G 
molecules that scatter the light, the concentration of the R6G solution used for molecule 
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loading is used here as a relevant concentration for analysis. All of the following signal 
enhancement calculations and analysis are based on this definition. For the control experiment, 
approximately 0.1mm thick of R6G powder layer was placed on a bare silicon wafer surface for 
SERS detection. The results showed no Raman bands in these two testing sample surfaces after 
R6G adsorption, while the control experiment showed strong signals at -600, 800, 1200, 1300, 
1350, and 1500 cm-1 (Figure 4.4). One possible explanation is that Raman signals for R6G on 
testing samples are too weak for detection due to the low R6G concentration. However, it 
conflicts with the measurement results for the Au sputtering-coated nanoforest, which showed 
a strong Raman signal under the same concentration (Figure 4.5). Based on the analysis above, 
the results indicate that neither nanoforest nor bare silicon shows SERS activities. The Raman 
band for silicon is shown at -520 cm-1 and dominates the spectrum for both nanoforest and 
bare silicon surfaces. However, the silicon nanoforest has a much stronger Raman signal for 
silicon under the same experimental environment, as Figure 4.4 shows. One reasonable 
proposition is that the integration of R6G forms a thin layer of polymer on the bare silicon 
surface and blocks the excitation of a Raman signal of silicon. In contrast, the nanoforest 
sample has a complicated surface structure and the spaces between those peaks are quite deep, 
making it difficult to form a continuous thin layer of R6G, minimizing possible effects on the 
Raman signal.  
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Figure 4.4 Raman signal of R6G on inactive SERS substrates. 
4.3.3 SERS Measurement on Gold-coated Nanoforest 
Since Au is essential for SERS signal enhancement, an additional 25nm Au thin layer was 
sputter-coated onto the nanoforest surface. Raman spectrums from silicon nanoforest and 
Au-coated silicon nanoforest are compared in Figure 4.5. SERS signals of R6G with 10 µM 
concentration were reliably detected for Au-coated Si nanoforests. Bare silicon nanoforests 
with the same concentration of R6G, on the other hand, did not show any reproducible Raman 
signals. To further study the mechanism of Raman signal enhancement, a bare silicon surface 
and an Au-coated bare silicon surface were introduced for SERS signal detection in the same 
experimental environment. Weak R6G Raman signals are shown in Figure 4.5 for the 
gold-coated silicon surface, while no Raman signals appear for the bare silicon surface. The 
most significant SERS signal enhancement was achieved from the combination of an Au thin 
layer and the silicon nanoforest condition among all previously mentioned sample surfaces. It 
clearly demonstrates the contribution from both the Au thin layer and the nanoforest 
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nanostructure. The enhancement factor Fen of the Au-nanoforest surface could be achieved 
according to the following formula [32]: 
Fen=
    
       
 
       
    
                                 (4.1) 
Here Isample and Iref are the signal intensity of the sample and reference surface, while Cref 
and Csample are the relevant concentration of R6G as previously defined. Since the Raman signals 
of 10 µM R6G are too weak for detection, a bare silicon surface is coated by 40 mM R6G. At this 
concentration level, the Raman signal of R6G can be detected (as Figure 4.6 shows) and the 
enhancement factor can be achieved from Formula 4.1. Calculated results are listed in Table 4.1. 
Comparing these results with other groups’ work [32-33], the enhancement factor achieved in 
this type of substrate is in the same range.  
 
Figure 4.5 Raman spectrum of R6G on difference substrates. 
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Figure 4.6 Reference Raman signal of silicon coated with high-concentration R6G 
Table 4.1 Signal enhancement for peaks at 1308 cm−1, 1361 cm−1 and 1507 cm−1 referenced 
to a plain silicon surface 
 
Raman shift (1/cm) 1308 1361 1507 
Intensity (a.u) 25 49.3 40 
Reference intensity (a.u) 7 9.5 11 
Enhancement 1.4E+04 2.1 E+04 1.5 E+04 
 
4.3.4 SERS Measurement on Ag Particles Decorated Au-coated Silicon Nanoforest 
To achieve stronger SERS signal enhancement of R6G, we also applied silver nanoparticles 
to the sample surface. The Au-coated silicon nanoforest samples were merged into the R6G 
solution overnight and left to dry at room temperature condition. Then silver plate nanoparticle 
dispersion (diameter~150nm) purchased from nanoComposix Inc. was diluted 10 times and 
directly dropped onto the nanoforest using a micropipette. Since the contact angle of the silver 
nanoparticle dispersion was relatively small (~20oC), 2µl solution was used for surface 
decoration to avoid overflowing. The measured Raman signal is given in Figure 4.7. As shown, 
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S1 is a reference signal measured from a bare Au-nanoforest surface, while S2 is from the 
second Au-nanoforest sample surface with and without decorated Ag particles. As expected, 
SERS signals of Au-coated silicon nanoforests with or without silver application are reliably 
detected with 10µM concentration of R6G. These results also indicate the intensity of Raman 
signals are further enhanced after introducing silver particles.  
 
Figure 4.7 SERS measurement on Ag particles decorated Au-coated silicon nanoforest 
4.3.5 Cell SERS Measurement on Au-coated Silicon Nanoforest 
More practical experiments were performed to demonstrate to detect Raman signals from 
bacterial cells. Initial tests directly merged Au-coated glass or Au-coated silicon nanoforest 
substrate surfaces into a bacterial cell (E. coli) solution. However, the target Raman spectral 
signal cannot be detected even for the highest concentration E. coli available in the lab (10^8 
colony-forming units per milliliter (CFU/mL)). The measurement results are not listed here since 
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only noise can be observed. One reasonable proposition is the nanoscale nanoforests are only 
in direct contact with a fraction of the bacterial cell, since the normal range for an E. coli 
bacterial cell is approximately two to three micrometers, which is several hundred times bigger 
in dimension compared with nanoforest tips. Besides, SERS decays exponentially away from the 
surface of nanoforests, resulting in very little Raman spectral signal enhancement from the 
majority of the bacterial cells. To address this issue, we broke bacterial cells into small fractions 
to increase the contact area with the nanoforest tips. Cell damage was implemented by boiling 
(100 ) the washed solution for 15 min. Then the sample was immersed into and incubated in 
the cell-damaged bacteria solution for 4-5 hours at room temperature. The SERS measurements 
were operated after the chip was air-dried. E. coli (with concentrations of 10^6 and 10^7 
(CFU/mL)) was detected using the nanoforest-based SERS substrate; all spectra are averaged by 
15–20 spectra in each treatment for reliable results. As shown in Figure 4.8, the fingerprints of 
E. coli are clearly visible. The fingerprints cannot be observed for the same concentration of E. 
coli applied on Au-coated silicon surface. The estimated enhancement factor of the SERS 
substrate is several orders of magnitude [32-33]. The standard E.coli signature peak 
assignments without damage are provided by Dr. Chao Wang from Iowa State University and 
listed in Table 4.2. Compared with the measurement results from damaged E.coli, these band 
assignments are very similar, indicating that measurements can be taken by breaking bacterial 
cells without changing the band assignments.  
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Table 4.2 E.coli signature peak assignments without damage (provided by Dr. Chao Wang from Iowa State 
University) 
Wavenumber (cm-1) Band assignment  
2938 C-H vibration 
2921 C-H vibration 
2885 C-H vibration 
1660 Amide 1 vibration 
1594 DNA vibration 
1450  (CH2) in Lipid  
1331  (NH2) adenine, polyadenine, DNA 
1032 Adenine, polyadenine, DNA 
1002 Phenylalanine in protein 
954 CN stretching 
855 Tyrosine 
733 adenine, polyadenine, glycosidic ring 
mode, DNA 
 
To demonstrate the multiplexed detection, E. coli and R6G are both uniformly applied to 
the same nanoforest-based SERS substrate. As shown in Figure 4.9, both fingerprints of E. coli 
and R6G can be observed clearly.  
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Figure 4.8 E. coli Raman signal measurements on Au-coated silicon nanoforest 
 
Figure 4.8 E. coli and R6G Raman signal measurements on Au-coated silicon nanoforest 
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4.4 Conclusions 
In summary, a maskless two-step ICP-based dry etching process has been developed to 
fabricate silicon nanoforests from bare silicon wafer. By coating the nanoforest with a thin layer 
of Au and decorated by Au nanoparticles, the standard analyte Rhodamine 6G (R6G) 
demonstrates a significant enhancement in SERS signals under the same experimental 
environment. In addition, SERS enhancement of the fingerprinting peaks of bacterial targets is 
demonstrated. This type of nanoforest-based SERS platform could be very useful for label-free 
detection and the multiplexed detection. 
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CHAPTER 5 A TOP-DOWN FABRICATION PROCESS FOR VERTICAL SILICON 
NANOTUBES 
5.1 Introduction to nanotube fabrication 
The nanotube is one of the most important and widely used nanostructures in the 
nanoscience and nanotechnology fields. One example of its uses is the carbon nanotube (CNT), 
usually vertically aligned and synthesized using a bottom-up approach [39–40]. Nanotubes can 
also be fabricated using a top-down approach [41–42]. The advantages of the top-down 
approach include a lower temperature process, controlled locations of the nanotubes on a 
substrate, and compatibility with well-established silicon process technology, providing for easy 
integration with microdevices and microfluidic devices.  
Some representative examples of nanotubes fabricated from different materials are 
summarized in the following. Silicon nanotube have been fabricated by combining 
electron-beam lithography (EBL) and a dry etching process [41]. Silica nanotubes have been 
fabricated using nanowire templates [42]. Using anodic aluminum oxide (AAO) as a template, 
carbon nanosyringes have been formed by carbon deposition, ion milling, and chemically 
etching the AAO [43]. Alumina nanostraws have been fabricated by a conformal alumina atomic 
layer deposition (ALD), then an alumina-specific directional reactive ion etch (RIE), followed by 
a polycarbonate specific directional RIE [44]. CVD-based Ge-nanowire-template synthesis of 
silicon nanotubes has also been reported previously with high crystallinity and precise control 
over morphologies [45–47]. Recently, Duan et al. have reported a new process to fabricate SiO2 
nanotubes [48]. In the process, Ge nanowire (GeNW), grown through an Au nanodot catalyzed 
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VLS process, is used as a template. The nanotubes are formed by an ALD SiO2 conformal coating 
of the GeNWs, then photoresist is applied with a thickness smaller than that of GeNWs. The 
SiO2 at the tip of the GeNW is etched by buffered HF (BHF). The SiO2 nanotubes are finally 
formed by selectively etching GeNWs.  
Nanotubes can provide a unique platform for multiple applications, such as drug delivery 
[49], cell transfection [42], and advanced patch-clamp technique [50–51]. Specifically, by using 
nanotubes as drug containers, smaller and more accurate amounts of drugs can be delivered 
and administered to the target. This could be very critical to control dosage delivery and release, 
thereby achieving optimal therapeutic effect and mitigating toxicity. Moreover, by taking 
advantage of the nanoscale size of the nanotube to load biological cargos, negligible damage on 
the cell would be introduced when the nanotubes penetrate the cell membrane during a 
transfection procedure, thus improving the viability of the cells. Using a nanotube with a 
nanoscale-size tip as a pipette in a patch-clamp technique, high resolution monitoring of the 
cell ion channel can be achieved, benefiting studies of the cell ion channel and drug discovery 
related to ion channel diseases. In addition to the those mentioned above, nanotubes can also 
be explored for the following important applications: (i) enhanced optical absorption or 
trapping for harvesting solar energy, due to their large surface/volume ratio and zigzag 
reflectance of incident photons, similar to the properties of CNTs and nanopillars [52–54]; (ii) an 
anti-fouling surface resulting from the nanostructured or nanotextured surface of the arrayed 
nanotubes, resulting in super hydrophobicity [55]; and (iii) many other potential bio/chemical 
sensing and detection applications such as single DNA stretching and sequencing [56–57]. 
However, some of the aforementioned fabrication processes usually involves one or multiple 
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expensive steps, such as EBL. The EBL step in these reported processes might be a barrier for 
preventing the rapid and cost-effective high-volume production of this type of nanostructure.  
Herein, a simple, template-free, rapid and low-temperature (i.e., room temperature) 
top-down process for fabricating silicon nanotube from a single crystal silicon wafer is reported. 
The basic process flow is illustrated in Fig.5.1, and utilizes a Bosch process twice with 
polystyrene nanosphere beads as the masks. The Bosch process consists of two alternate and 
repeated deposition/etching steps to achieve nearly vertical micro or nanostructures [58]. 
During the Bosch process (Fig.5.1c–f), the deposition precursor C4F8 gas is first dissociated by 
the plasma, then undergoes polymerization reactions upon deposition on the top surface and 
the sidewall of the nanopillars, resulting in a perfluorocarbon polymeric layer on the top 
surface and the sidewall as the chemically inert passivation layer [36]. The SF6 gas for the 
etching provides directional ions that bombard the substrate, removing the passivation layer at 
the bottom of the trench, but not along the sidewall. The ions collide with the passivation layer 
and sputter off the passivation layer, exposing the surface in the trench to the chemical etchant 
SF6. As a result, the nanopillars (Fig.5.1c) and the silicon nanotubes (Fig.5.1f) are formed 
sequentially. To the best of our knowledge, this is the first effort to fabricate silicon nanotubes 
by using a series of standard top-down microfabrication processes. This process could be 
adapted or modified to fabricate nanotube from a class of different materials.  
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Figure5.1. The process flow for fabricating silicon nanotubes: (a–b) Self-assembled nanosphere beads on 
the silicon wafer, followed by first oxygen plasma RIE to shrink the beads’ size; (c) First Bosch process 
carried out to fabrication nanopillars; (d) Second oxygen plasma RIE carried out to remove the beads; 
(e–f) Second Bosch process carried out to fabricate nanotubes. 
 
5.2 Experimental details 
5.2.1 Chemicals and Materials 
The polystyrene nanosphere beads of different sizes (500 nm, 1000 nm, 3000 nm) were 
purchased from Fisher Scientific Inc. Triton X-100 and methanol were both purchased from 
Sigma-Aldrich Inc. Deionized (DI) water was obtained from a DI water purification system 
(Millipore, FRANCE). Silicon wafers were obtained from Ultrasil Corp. Chemicals for surface 
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cleaning and treatment including Acetone, IPA, 98% Sulfuric acid, and 30% Hydrogen peroxide 
were all obtained from Sigma-Aldrich Inc.  
5.2.2 Fabrication of silicon nanotubes 
First, single side polished p-type 4 inch silicon wafers (Ultrasil Corp) are cut into 2 cm × 2 
cm pieces. Then each piece is cleaned by acetone, IPA, and DI water, with ultrasonication for 20 
mins in each solution in sequence. Then the silicon pieces are immersed in a fresh piranha 
solution (a mixture of sulfuric acid and hydrogen peroxide (3:1)) in a beaker, which is kept on a 
hot plate at 60 ºC for half an hour. Thereafter the silicon pieces are taken out from the beaker 
and rinsed thoroughly by DI water. After the surface treatment, the silicon pieces can be used 
immediately or stored in DI water to avoid formation of native oxide for future use.   
Polystyrene (PS) nanosphere beads are dispersed uniformly in a solution containing Triton 
X-100 and methanol (1:400). Then a certain amount of PS bead solution is directly applied to 
each silicon piece by a micropipette. The solution is left to dry without any disturbance at room 
temperature for several hours. As shown in Fig.5.1a, PS nanosphere beads are self-assembled 
into a close-packed monolayer. The beads are then tailored by oxygen plasma to shrink their 
size (Fig. 5.1b).  
Using the PS beads as the mask, the first inductively coupled plasma (ICP) Bosch process 
(Fig. 5.1c) is applied for fabricating the nanopillars. In the process, alternate cycles of etching in 
a flow of SF6 and passivation in a flow of C4F8 are used. Unless otherwise stated, the plasma is 
always generated with an RF power of 800 W. The temperature is kept at 20 °C by a stream of 
nitrogen gas. The height of the nanopillars can be controlled by adjusting the number of 
process cycles.  After the etching process, the samples are washed in the piranha solution for 
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half an hour, then ashed with oxygen plasma (Fig.5.1d) to remove the residual beads. Then the 
second ICP Bosch process (Fig.5.1e–f) is carried out to form the silicon nanotubes.  
5.2.3 Characterization 
The images and surface morphology of the samples are obtained and characterized by a 
scanning electron microscope (SEM, HITACHI S-4800). The composition of the silicon nanotubes 
is analyzed using Energy Dispersive X-ray Spectrometry (EDS) on the same SEM.   
5.3 Results and discussion 
In Fig.5.2a and Fig.5.2b, the scanning electron microscope (SEM) images of silicon 
nanopillars before and after removing the nanosphere beads are given, which corresponds to 
step c and step d in Fig.5.1, respectively. As aforementioned, the Bosch process consists of 
alternate passivation (C4F8) and etching (SF6) steps to fabricate nearly vertical micro or 
nanostructures. After removing the nanosphere beads, the shadow area (bare silicon surface) 
occupied by the nanosphere bead in the top center of each nanopillar appears different from 
other areas, resulting from the deposition of the passivation layer as shown in Fig.5.2b and its 
inset. The formation of the shadow area underneath the bead is the key to fabricate the silicon 
nanotubes.  
In order to fabricate the silicon nanotubes successfully, the formation of a single layer of 
nanosphere beads on the silicon surface is critical. Namely, the nanopillars cannot be fabricated 
properly if multiple layers of nanosphere beads are formed. Another critical parameter is the 
adhesion of the beads to the silicon surface from steps a to c in Fig.5.1. In these steps, the 
nanosphere beads should remain firmly on the silicon surface. If any beads are detached from 
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the silicon wafer during these steps, nanopillars in those locations cannot be formed; as a result, 
the passivation layer cannot be deposited on the surface of the nanopillar properly with a 
shadow area underneath each nanosphere bead. In addition, the dimensions of the silicon 
nanotubes such as diameter (inner diameter and outer diameter), wall thickness, and 
interspacing are essentially determined by the size of the nanosphere beads, especially in step 
b in Fig.5.1 after being tailored by oxygen plasma etching. The second Bosch process (step e to f 
in Fig.5.1) is another critical step for fabricating the silicon nanotubes. SEM images in Fig.5.2c 
and Fig.5.2d give two representative fabricated results after the second step Bosch process. As 
can be seen in Fig.5.2c and its inset, the outer diameter of the upper portion of the silicon 
nanotubes is smaller than that of the lower portion of the silicon nanotubes; tapered silicon 
nanotubes are thus formed.  In this case, alternate cycles of etching in a flow of SF6 (flow rate: 
150 sccm; time: 2 s) and passivation in a flow of C4F8 (flow rate: 100 sccm; time: 2.5 s) are used. 
The plasma is generated with an RF power of 800 W. The relatively large passivation (C4F8: 100 
sccm, 2.5 s) causes increased difficulty for etching silicon (SF6: 150 sccm, 2 s) from the upper 
portion to the lower portion of the silicon nanopillar, resulting in the tapered silicon nanotubes.  
In contrast, as shown in Fig.5.2d, the silicon nanotubes are not tapered, but significantly 
increased openings in the walls are clearly visible. In this case, alternate cycles of etching in a 
flow of SF6 (flow rate: 150 sccm; time: 4 s) and passivation in a flow of C4F8 (flow rate: 90 sccm; 
time: 5 s) are used. These process parameters can minimize the formation of the tapered silicon 
nanotubes, but under this condition, the walls of the nanopillars are not protected effectively 
by the passivation layer, and large-sized scallops are formed in the walls during the 
passivation/etching cycle [58], resulting in openings in the walls and the formation of skeletons 
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of the nanotubes. Hence, in order to fabricate silicon nanotubes robustly, the selection of the 
time for passivation and etching in each cycle and the corresponding gas flow rates during the 
Bosch process is crucial. 
 
Figure5.2. SEM images: (a) Bead-capped Si nanopillars; (b) After removing the beads, a shadow 
area in the center of the top of nanopillar is clearly visible, indicating that the center of the top 
of Si nanopillar is bare silicon, while other parts of the Si nanopillar (including the sidewall) are 
covered by a passivation layer (perfluorocarbon polymer); (c) Tapered silicon nanotubes; (d) 
Openings/defects in the wall of the silicon nanotubes. 
 
To this end, the process parameters have been modified and optimized for fabricating the 
silicon nanotubes. Some representative SEM images of the fabricated silicon nanotubes are 
given in Fig.5.3. A single silicon nanotube was fabricated on a silicon substrate in Fig.5.3a. The 
wall thickness is ~ 35 nm without any openings or cracks in the wall. Its outer and inner 
diameters are ~210 nm and 140 nm, respectively. The scallops on the wall of the silicon 
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nanotubes are clearly visible. Some randomly distributed silicon nanotubes on a silicon 
substrate, shown in Fig.5.3b, were fabricated when nanosphere beads were sparsely and 
randomly distributed on the substrate as the mask during the nanopillar formation step. 
Another distinct feature is that these silicon nanotubes are distributed among a silicon 
nanoforest. In this case, alternate cycles of etching in a flow of SF6 (flow rate: 150 sccm; time: 2 
s) and passivation in a flow of C4F8 (flow rate: 110 sccm; time: 2.5 s) caused the silicon 
nanoforest to form, due to the perfluorocarbon polymer-based nanomasks created during the 
Bosch process; this is similar to the formation of the black silicon reported in previous research 
[60]. In addition, it has also been found that if the process chamber is not cleaned after each 
Bosch process, the possibility for nanoforest formation increases due to the re-deposition of 
the polymer-based nanomasks on the silicon wafer from polymer residuals on the inner surface 
of the process chamber [36]. Hence, the cleanliness of the process chamber is another 
important factor to mitigate or eliminate nanoforests.   
By modifying process parameters, the density of the silicon nanoforest around the silicon 
nanotubes can be significantly mitigated or eliminated as shown in Fig.5.3a and Fig.5.3c–f. In 
these cases, alternate cycles of etching in a flow of SF6 (flow rate: 150 sccm; time: 2 s) and 
passivation in a flow of C4F8 (flow rate: 90 sccm; time: 2.5 s) are used. The basic idea is to 
mitigate or eliminate the perfluorocarbon polymer-based nanomasks formed on the silicon 
surface. Once this is achieved, the formation of nanomasks becomes negligible since the 
deposited polymer can be efficiently removed during etching. It has been found that the 
surface of the sample appears dark when there is significant nanoforest density, as shown in 
Fig.5.3b, in which the height of the nanoforest is almost equal to that of the silicon nanotubes. 
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In contrast, the surface of the sample appears grey/white when the density of the silicon 
nanotubes is low, such as in the samples shown in in Fig.5.3a and Fig.5.3c–f, which have 
relatively clean floors without clearly visible nanoforest. This is because the height of the 
nanoforest is much lower than that of the silicon nanotubes, and the density of the nanoforest 
is also very low. As can be seen, the scallops on the wall of the silicon nanotubes in Fig.5.3b–f 
also become much smaller, and thus the surface of walls are smoother than that in Fig.5.3a. In 
Fig.5.3c–f, the silicon nanotubes of different dimensions are fabricated using 500 nm beads as 
the mask. Since the time used for oxygen plasma RIE to shrink the size of the beads varies, as 
does the time used for the Bosch process to fabricate the silicon nanotubes, the dimensions 
and density of silicon nanotubes are different. Arrayed silicon nanotubes are found to be 
well-aligned vertically and uniformly distributed on the substrate. The density of the silicon 
nanotubes can be as high as 1.3×108 /cm2 and the height-to-width aspect ratio (HWAR) can be 
as high as 20.  
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Figure 5.3. SEM images: (a) A single silicon nanotube; (b) Several silicon nanotubes randomly 
formed among a silicon nanoforest; (c–d) Arrayed silicon nanotubes fabricated by a 10-minute 
Bosch process; (e–f) Arrayed silicon nanotubes fabricated by a 2-minute Bosch process. All 
images were taken at a 30 SEM stage tilt. 
 
To confirm the formation of perfluorocarbon on the wall of the silicon nanotubes, the 
composition of the fabricated silicon nanotubes has been analyzed using energy dispersive 
X-ray spectrometry (EDS). The measured X-ray spectra of the fabricated silicon nanotubes and a 
set of quantitative data associated with the spectra are given in Fig.5.4a. As can be seen, the 
most abundant element is Si, which is 88.09 wt%. Other major elements present are carbon 
(8.69 wt%) and fluorine (1.13 wt%), which indicate the existence of the perfluorocarbon. The 
oxygen element (2.09 wt%) could be a combination of the native SiO2 of the silicon wafer and 
the formation of SiO2 due to some residual oxygen in the chamber during the ICP-Bosch process. 
In summary, it appears that the depth of the hollow core of the nanotube is determined by the 
total time used in the second Bosch process. As shown in the SEM images of the cross-sections 
of two nanotubes in Fig.5.4b–c, the hollow core clearly formed inside the walls and continues 
to the bottom of the nanotube. It should be noted that the hollow cores may not continue to 
the bottom for nanotubes with large HWAR due to the microloading effect [61]. 
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Figure 5.4. (a) The measured X-ray spectra of the nanotubes; (b–c) cross-section SEM images of 
two nanotubes, showing the hollow cores formed inside their walls and extending to their 
bottoms (pointed by the red arrows).  All the images were taken at a 30 SEM stage tilt. 
 
As demonstrated, the dimensions of the silicon nanotubes such as diameter, density, and 
height can be controlled by adjusting bead and process parameters. Herein, tailoring of the 
ratio of the wall thickness to the diameter of the silicon nanotubes has also been demonstrated 
by modifying bead size and process parameters. For the fabricated silicon nanotubes in 
Fig.5.5a–b, the wall thickness of the silicon nanotubes is ~50 nm, the outer diameter of the 
silicon nanotubes is ~800 nm, and the inner diameter of the silicon nanotubes is ~700 nm. The 
ratio of wall thickness to the outer diameter of the silicon nanotubes is ~1/16. In this case, 
alternate cycles of etching in a flow of SF6 (flow rate: 150 sccm; time: 2 s) and passivation in a 
flow of C4F8 (flow rate: 90 sccm; time: 2.5 s) are used. The large inner and outer diameters are 
formed due to the large size of the beads. The ratio of wall thickness to the outer diameter of 
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the silicon nanotubes can be increased by changing bead size and process parameters. For the 
fabricated silicon nanotubes in Fig.5.5c–d, the wall thickness is ~70 nm, the outer diameter is 
~210 nm and the inner diameter is ~70 nm. The ratio of wall thickness to the outer diameter of 
the silicon nanotubes becomes ~1/3, and the wall thickness itself is nearly the same as the 
inner diameter of the silicon nanotubes. In this case, alternate cycles of etching in a flow of SF6 
(flow rate: 130 sccm; time: 2 s) and passivation in a flow of C4F8 (flow rate: 90 sccm; time: 2.5 s) 
are used. These results indicate the flexibility of the process for fabricating silicon nanotubes 
with variable dimensions.  
 
Figure 5.5. SEM images: (a) Arrayed silicon nanotubes fabricated on silicon substrate; (b) 
Close-up of one single silicon nanotube: ratio of wall thickness to the outer diameter is ~1/16; 
(c) Silicon nanotubes (indicated by red arrows) fabricated on silicon substrate; (d) Top-down 
view of a single silicon nanotube with inset showing a close-up side view of a silicon nanotube 
ratio of wall thickness to the outer diameter is ~1/3. 
 
At the current stage, the smallest outer diameter at which silicon nanotubes can be 
fabricated robustly is around 200 nm; this could be further reduced after further research and 
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development. The big challenge to forming silicon nanotubes with smaller outer diameters is 
control of the lateral etching/undercut to reduce the scallop size on sidewalls. It has been found 
that the diameter of nanopillars can be fabricated as small as tens of nanometers. However, 
due to pronounced scallops on their walls, it becomes very challenging to fabricate silicon 
nanotubes from these nanopillars. Similarly, the wall thickness of silicon nanotubes is also 
limited by the scallop effect. Finally, it should be noted that the process could be adapted to 
fabricate nanotubes from different types of materials, including metals, oxides (i.e., SiO2), and 
other semiconductors, providing a generic technical method to fabricate a variety of nanotubes 
for many potential applications. For instance, by conformal coating of Al on the wall of a silicon 
nanopillar (Fig.5.1c), followed by selective silicon etching, Al nanotubes can be fabricated. 
Similarly, SiO2 nanotubes can be fabricated by conformal coating of SiO2 on the walls of silicon 
nanopillars using ALD [62].   
The nanotextured surfaces usually have a superhydrophobic characteristic. The 
hydrophobicity of the surface of the as-fabricated Si nanotubes has been evaluated. It has been 
found that the surface of the freshly fabricated nanotubes assume super-hydrophobicity with a 
typical water contact angle of 170o ± 1o (Fig. 5.6A). Hence, the nanotube-based surface offers a 
new type of platform for water protection from surface erosion, anti-fouling applications in 
both industrial and biological processes. On the other hand, the superhydrophobic 
characteristic of the nanotubes is not a favorable property for loading various solution-based 
materials into the nanotubes for drug delivery or cell transfection. In order to efficiently load 
the solution-based materials (e.g., drug, biological molecules, etc) into and thus fill nanotubes, 
ideally the surface of the nanotubes should be hydrophilic. It has been found that after oxygen 
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plasma treatment and/or being washed ultrasonically in piranha, the surface of samples is 
rendered to be superhydrophilic with a water contact angle of 5 o ± 1 o (Fig. 5.6B). This property 
indicates the feasibility to use Si nanotubes to load biological samples or drugs, which is under 
research for drug delivery and cell-transfection in our lab.  
The nanotextured surface also can enhance the optical trapping. It has been demonstrated 
that optimized nanopillar surface can achieve 0.5% reflectance. The reflectance can be further 
reduced up to 50% by adding nanomaterials to fill the air space among the nanopillars as 
aforementioned in chapter 3. The optical trapping properties of the as-fabricated Si nanotube 
surface have been evaluated. For comparison, three types of the samples have been prepared. 
One sample (S1) is a flat silicon surface. The second sample (S2) is a silicon nanopillar-surface. 
The third sample (S3) is a silicon nanotube surface. The average diameter and height for both 
the nanopillars and nanotubes are the same for meaningful comparison, which are ~400 nm 
and ~500 nm, respectively. The measurement setup is schematically shown in the inset of Fig. 
5.6C, which is used to measure the reflectance when the light is incident on the surface of the 
sample perpendicularly. The measured reflectance for all the three samples is shown in Fig. 
5.6C. As shown, the reflectance from sample S2 (Si nanopillar-surface) is reduced significantly 
compared to that from a flat silicon surface. For the sample S3 (Si nanotube-surface), the 
reflectance has been further reduced dramatically. Specifically, the reduction of the reflectance 
for sample S3 is ~94.9% compared to sample S1, ~81.3% compared to sample S2. These 
measurements indicate that the Si nanotube surface is an excellent optical trapping 
nanostructure, which could improve the solar energy conversion efficiency if it could be 
integrated with solar cells. It should be noted that by optimizing the nanopillar alone, the 
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reflectance from an optimum nanopillar-surface can be as low as 0.5% compared to that of a 
flat silicon surface. Since the nanotube surface can further reduce the reflectance dramatically, 
hence, it might be possible to render the reflectance approaching zero by optimizing the 
nanotube surface on top of the optimized nanopillar surface.  
 
Figure 5.6 (A) the measured water contact angle is 170±1 for the as-fabricated Si nanotube 
surface; (B) the measured water contact angle is 5±1 after oxygen plasma treatment and/or 
being washed by piranha solution; (C) the measured optical reflectance from flat silicon, Si 
nanopillar surface, and Si nanotube surface 
 
5.4 Conclusions 
In summary, fabrication of silicon nanotubes has been demonstrated by a room 
temperature Bosch process using nanosphere beads as the mask. The dimensions of the silicon 
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nanotubes can be tuned by modifying the process parameters. Besides its compatibility with 
the well-established semiconductor process, the simplicity and cost-effectiveness of this 
technique may offer a new inexpensive technical approach to fabricate nanotubes of different 
dimensions from a variety of materials such as semiconductors, oxides and metals. These 
nanotubes could be used for many different applications in life science, biomedical engineering, 
nanomedicine, and renewable energy. 
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CHAPTER 6 ICP ETCHING TECHNOLOGY: GENERAL ANALYSIS AND DISCUSSION 
In the first two chapters, the physics of plasma and the mechanisms of ICP etching were 
introduced in detail. In Chapters 2 through 5, modified Bosh processes were developed to 
fabricate a series of high aspect ratio silicon nanostructures. Based on these experiments, the 
results suggest that one small change of plasma conditions may cause totally different 
experimental results since the process highly depends on different characteristics of ions and 
radicals. In general, radical and ion concentration controls the reaction rate, and ion energy 
controls the degree of anisotropy. However, engineers prefer to understand how these features 
change within separated parameters, such as the reaction chemicals used, reaction 
temperature, chamber pressure, F/C ratio, duration of each cycle, etc. Unfortunately, one 
simple rule for all experiments does not exist as results may vary depending on different 
substrate features, chemical types, or even ICP facilities. General guidelines for certain types of 
experiments, however, can be suggested.  
The following analysis is based on the multi-pulse DRIE, or, more specifically, the two-pulse 
Bosch process operated on the Alcatel ICP system. Feature size varies from 300 nm to 3 µm. 
The aspect ratio of the silicon nanostructure is up to 30:1.  
6.1 Physical Parameters 
1. The pressure of the reaction: Chamber pressure is controlled by setting the position of 
the VAT valve and changing the reaction gas flow rate. The detailed mechanical 
structure of the chosen facility was introduced in Chapter 2. Reducing the pressure 
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lowers the density of the ions and electrons, causes longer mean free path length, and 
increases vertical ions bombardment. Hence, the DRIE process is more anisotropic. 
More obviously, lower density of the ions and electrons means fewer reaction species 
arrive at the substrate surface at a certain period of time, causing lower reaction speed 
for the etching process. In addition, the reaction byproducts are more volatile and easier 
to remove from the substrate surface at lower pressure. Since re-deposition of 
byproducts (passivation material) in the Bosch process has a larger risk of introducing 
polymer contamination, experiments operated at lower pressure normally show 
relatively clean results. The tendency to reduce polymerization can reduce selectivity as 
well, which may cause mask damage or introduce undercutting issues. 
2. Substrate bias/platen power: Increasing bias voltage generates a higher electric field 
near the substrate surface. The ions diffused to this area accelerate faster and bombard 
the substrate with higher energy, creating a more reactive substrate surface for a 
high-efficiency chemical reaction and increasing the etching rate. The etching process 
becomes more anisotropic as the ions approach the substrate from a more vertical 
angle, due to the high electric field attraction. Ions with higher energy also sputter away 
passivation layers more efficiently, reducing the polymerization for Bosch process and 
leading to a less selective etching process. Even though high-energy bombardment 
benefits experimental results through removing passivation layers efficiently, it also 
introduces potential difficulties. Increased ion energy may introduce high-energy 
passivation material particles during bombardment. For the high aspect ratio Bosch 
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process, the sputtered high-energy particles may attach to the sidewall and reduce 
uniformity.  
3. ICP source power: One large advantage of ICP over CCP is separate control of bias 
voltage and ICP source voltage. Engineers have more freedom to adjust ions’ energy and 
plasma density, since these two parameters are not coupled on an ICP system. An 
increase of ICP power produces a large number of electrons with higher energy for 
ionization, which can create higher density ions, electrons, and radicals. More reactive 
species are applied to the substrate surface, which leads to a higher etching speed.  
4. Temperature: Process temperature is controlled by liquid nitrogen and a digital heater, 
as mentioned in Chapter 2. Helium flow is used to improve the thermal transfer 
between substrate holds and process samples to ensure efficient temperature control. 
Furthermore, passivation material is less volatile at lower temperatures, leading to a 
tendency to increase polymerization. Thus the etching process turns out to be more 
selective at lower temperatures. The cryogenic process is a practical example of a 
low-temperature process application. Operating at -120 centigrade, the products from 
chemical reactions are involatile. These products can be served as self-formed 
passivation layers to protect sidewalls, leading to high aspect ratio silicon etching.  
6.2 Chemical Composition 
1. F/C ratio: The two-pulse Bosch process was introduced to achieve a vertical sidewall and 
high aspect ratio features by alternatively applying passivation pulses and etching pulses. 
The passivation-to-etching ratio is a critical parameter for the Bosch process and is easy 
to control by varying the cycle time. Fluorine-based deep RIE normally uses gases 
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containing fluorine during etching and use gas containing cardon during passivation. The 
fluorine-to-carbon ratio in the Bosch process is a key parameter. Since the value of this 
ratio can dominate the process in many ways, it should always be considered first when 
engineers design an experiment utilizing the Bosch process.  
First of all, failure to choose the proper F/C ratio may cause etching to cease. Generally, 
with an F/C ratio above 3, a Bosch process etches silicon efficiently. With an F/C ratio 
lower than 2, passivation polymers start to integrate on the substrate surface. Genis, 
Turon, et al. show the F/C ratio for different etchant gases on different applied voltages 
in Figure 6.1. Bias power affects the etching/polymerization tendency by increasing ion 
bombardment energy, leading to polymer sputtering. Second, reducing F/C ratio 
increases process selectivity. Take Photoresist 1813s mask as an example: the PR 
consumption can be supplemented by the polymer re-deposition. Generally, a process 
operating in the etching region, but close to the polymerization region, is preferred. 
Third, a relatively low F/C ratio is the reason for black silicon formation, discussed in 
Chapter 4. Last but not least, the sidewall profile highly depends on the F/C ratio. As 
carbon ratio increases, the thickness of the passivation layer on the sidewall increases. 
The following etching cycle cannot provide enough fluorine radicals to completely 
remove the polymer on the sidewall, leading to a positive tapered profile.    
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Figure 6.1 F/C ratio for different etchant gases on different applied voltages. [1] 
2. Cycle time: Increasing the cycle time, while keeping the passivation-to-etching ratio at a 
constant value affects the etching profile as well. Since fluorine radicals react to silicon 
and remove silicon atoms from both vertical and horizontal directions, each single 
etching cycle can be treated as an isotropic etching process. Increasing the cycle time 
will significantly increase the etching depth for each cycle in both vertical and horizontal 
directions, leading to a rough sidewall or so-called “scalloping”.[12] The scalloping effect 
is difficult to avoid, but can be reduced by using short cycle times. However, 
compromises must be made since etching rates will be reduced as well. ICP systems also 
require a certain period of time to switch between two cycles, known as “process 
overlap”[12]. Typically, it can take up to one second to pump out one type of gas and 
flow into the other. Further reducing pulse time for each cycle may cause issues of 
instability for the entire process since overlap may dominate the process.  
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3. Additives: Two types of additives are normally used to adjust the reaction process. The 
first type of gas is chemically reactive, such as oxygen or hydrogen. This kind of gas 
affects the reaction by changing the F/C ratio due to its reaction with fluorine or carbon. 
For instance, adding oxygen to a carbon- based gas leads to the formation of CO and 
CO2, increasing the F/C ratio, and thus the etching rate.  The other type of additive 
used is inert gas. Some inert gases with low ionization potential, such as argon (15.7ev) 
and helium (25ev), can help stabilize plasma since they are easy to ionize. Inert gas also 
affects the reaction process by introducing more high-energy ions for physical 
bombardment. For certain experiments, engineers prefer to etch silicon slowly since it 
can be difficult to control the high-speed etching process for small. By adding inert gas, 
the etching rate is reduced; this is referred to as inert gas dilution.  
6.3 Conclusion 
Starting with plasma physics analysis, we introduced the ICP etching system’s working 
principles and reaction mechanisms in detail. Using modified DRIE etching processes 
integrated with NSL technology, a series of high aspect ratio silicon nanostructures, such as 
silicon pillars, silicon forests and silicon nanotubes, were successfully fabricated. 
Nanomaterial grafted-nanopillar antireflection surfaces and a nanoforest-based SERS 
substrate have been demonstrated. Furthermore, a new simple process, developed for 
fabricating silicon nanotubes at room temperature, based on the Bosch process, has been 
documented, offering a unique platform for many potential innovative applications. 
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CHAPTER 7 INTRODUCTION TO PATTERNED ANODIC ALUMINUM OXIDE (AAO) 
BASED BIOSENSOR 
7.1 Introduction to AAO Biosensor  
Micro- and nanotechnologies enabling optical techniques for label-free biodetection have 
been developed extensively over the past decades and show great promise for a variety of 
applications, spanning from biomedical engineering, security, and environmental monitoring, to 
point-of-care diagnostics [63–65]. Some widely used optical techniques include surface 
plasmon resonance (SPR)[66], surface enhanced Raman spectroscopy (SERS) 67], localized SPR 
[68], light scattering [69–70] photonic crystals [71], nanoholes [72], opto-fluidic ring resonators 
[73], and microring resonators [74]. 
One category of label-free bionanosensors is enabled by nanopore structures as thin film 
reflective interferometric devices [75–76]. Recently, white-light source operated polymer-based 
Fabry-Perot interferometer (FPI) chips and polymer-based nanostructured Fabry-Perot 
interferometer (FPI) chips were developed for biodetection [77–78], offering potentially 
powerful label-free technical platforms for the detection of protein/cancer biomarkers. For 
instance, nanostructured FPI chips have been demonstrated to detect the prostate cancer 
biomarkers’ free prostate-specific antigen (f -PSA) at a femtomolar concentration of 140, 
indicating its great potential for early stage detection of various diseases.  
If a large scale of nanostructure FPI devices can be batch-fabricated on a single chip, 
multiplex biodetection can be readily achieved. This feature is particularly attractive for 
identifying an unknown disease from biofluids and screening tests, and finding a drug from 
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many different candidates. However, it is quite challenging for all the reported nanopore-based 
(both thin film devices and FPI chips) interferometric biosensors to fulfill these requirements. 
For instance, porous silicon is fabricated from p-type silicon using an electrochemical etching 
process [82]. Similarly, anodized aluminum oxide (AAO) nanopores are fabricated from Al foil 
thin film (typically 1.0 mm thick, purity 99.998%) using two-step anodization process. The 
fabrication processes of both types of nanopores are not compatible with the batch-fabrication 
process offered by the standard microfabrication process. Hence, it is difficult to fabricate many 
separated and arrayed, but still densely arranged nanopore-based devices and nanostructured 
FPI devices on a single chip, since the nanopores can be only fabricated on a larger piece of Al 
foil thin film or a silicon wafer.  
Another very important issue related to current technologies is that both silicon and AAO 
nanopore layers for thin-film devices, or nanopore layers anchored inside the FPI cavity, are not 
optically transparent [75–80]. As a result, the transducing signals from these devices or 
microchips are the reflected interference fringes. While it is not too inconvenient or 
problematic for measurements on one single device, it is becoming increasingly challenging for 
measurements on large-scale arrayed devices, which are key for achieving multiplex detection 
with high throughput. This is due to the fact that the specifically designed optical probes for 
reflected signals measurement are not only expensive, but also difficult to arrange for 
simultaneous optical testing of a large number of devices [75–80]. In contrast, if the 
nanopore-based (both thin film and FPI devices) interferometric biosensors can be made 
transparent, meaning the transducing signals are the transmitted interference fringes, all 
aforementioned issues can potentially be resolved. 
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7.2 Introduction to AAO Pattern Fabrication  
To address these issues, a batch-fabrication process to enable a microfabrication process 
for arrayed optically transparent nanostructures on a chip should be developed. Recently 
techniques have been developed to fabricate AAO patterns by utilizing a dry etching or an 
ion-milling process after the AAO has been fabricated [83]. However, this kind of approach is 
relatively expensive and difficult to scale up for high-volume production. Other work has been 
reported to fabricate the AAO from Al thin film deposited on a variety of solid substrates [84–
98], which indicates the possibility to render an AAO fabrication process compatible with a 
standard top-down lithography-based micro- or nanofabrication process. However, to the best 
of our knowledge, most of the reported efforts have been only focused on wafer-scale level 
AAO fabrication, and very little work has been reported to fabricate AAO nanostructures from 
lithographically patterned Al thin film on a substrate. This is a crucial step to allow AAO 
nanostructures to be integrated with microdevices or microfluidic devices, thus constructing a 
variety of integrated micro- or nanodevices and systems for some specific applications. In 
addition, the thickness of the AAO nanostructure layer, which will determine the numbers of 
optical interference fringes, is one of the key parameters to fabricate an AAO 
nanostructure-based Fabry-Perot interferometer (FPI). However, essentially no work has been 
done to evaluate the effect of the thickness of the AAO nanostructure layer, especially for the 
AAO nanostructures fabricated from a lithographically-patterned Al thin film on a substrate. 
In this article, we report for the first time the fabrication of a lithographically patterned 
and optically transparent AAO nanostructures on ITO glass substrates, which can be easily 
scaled up and integrated with other microdevices or microfluidic devices. We also analyze the 
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effects of the thickness of the AAO nanostructure layer, and the size of and interspacing among 
nanopores on its optical properties. 
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CHAPTER 8 FABRICATION AND CHARACTERIZATION OF LITHOGRAPHICALLY 
PATTERNED AND OPTICALLY TRANSPARENT ANODIC ALUMINUM OXIDE (AAO) 
NANOSTRUCTURE THIN FILM 
Modified from a paper published in  
The Journal of Nanoscience and Nanotechnology 
 
Yuan He, Xiang Li and Long Que 
 
Optically transparent anodic aluminum oxide (AAO) nanostructure thin film has been 
successfully fabricated from lithographically patterned aluminum on indium tin oxide (ITO) glass 
substrates for the first time. This indicates the feasibility to integrate AAO nanostructures with 
microdevices or microfluidics for a variety of applications. Both one-step and two-step 
anodization processes using sulfuric acid and oxalic acid have been utilized for fabricating AAO 
nanostructure thin film.  
8.1 Fabrication Process Introduction 
ITO glasses (Nanocs, Inc.) were used as the substrates to fabricate AAO nanostructure thin 
film. The measured sheet resistance of ITO is 100 Ω/sq and its surface roughness is less than 5 
nm. Two acids, sulfuric acid and oxalic acid, were used for the anodization. 
The proposed fabrication process flow is illustrated in Figure 8.1. This process starts from 
an ITO glass substrate. It is cleaned by DI water, acetone, ethanol, and DI water again for a 
period of 20 minutes per solution. Then a lift-off process is used to form the Al patterns. 
Specifically, a layer of LOR7b (Microchem, Inc.) followed by a layer Shipley PR1813, is spun on 
the substrate, then patterned using optical lithography. Using electron-beam evaporation, 0.5 
to 2.2 µm Al is deposited on the substrate with 10 nm Ti as an adhesion layer. Thereafter, the 
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photoresist is removed by immersing the whole wafer into an EBR PG (Positive Radiation Resist 
Edge Bead Remover) solution. As a result, Al patterns are formed and connected with each 
other with Al lines as shown in Step 2 in Figure 8.1. It should be noted that the Al lines 
connecting Al patterns are crucial for fabricating lithographically patterned AAO nanostructures, 
since the Al lines can warrant sufficient current flow inside the Al patterns during the 
anodization steps. Experiments found that the width of the Al lines of 100 µm is sufficient to 
completely anodize Al patterns with a size of 6 mm×6 mm. Otherwise, if the width of the Al 
line is too small, the Al lines will themselves anodize, and the current will not flow through 
them before the anodization of Al patterns is complete. Note that if the size of Al patterns to be 
anodized is scaled down, the width of the Al lines connecting them should be scaled down as 
well. However, the exact scaling ratio still needs further study. The measured surface roughness 
of the lithographically patterned Al thin film is in the range of 6–12 nm, which is smooth 
enough for carrying out the anodization process and forming AAO nanostructures. In contrast, 
surface mechanical and chemical polishing steps are usually required and necessary for 
fabricating AAO from an Al foil [89–102]. 
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Figure 8.1. Fabrication process flow of arrayed optically transparent AAO patterns on an ITO 
glass substrate: (1) A clean ITO glass substrate; (2) Al patterns fabricated using a lift-off process; 
(3) AAO nanostructure thin film formed using a one- or two-step anodization process; (4) Al 
lines removed and AAO nanostructure thin film cleaned by acetone and DI water. 
 
Once the Al patterns have been fabricated and cleaned with acetone, ethanol, and DI 
water, one-step and/or two-step anodization has been carried out to form AAO nanostructures 
as shown in Step 3 in Figure 8.1. For this study, the samples were anodized in an acid solution 
(either 0.3 M Oxalic acid at 2 °C at 50 V, or 0.3 M Sulfuric acid at 2 °C at 17 V) for 10–15 minutes 
(the first step of anodization) through copper clips. Then the anodized oxide layer alumina was 
etched by immersing the samples into a mixture of phosphoric acid (0.4 M) and chromic oxide 
(0.2 M) at 65 °C for 10 minutes or 60 minutes. Then the second anodization step was carried 
out for 30–45 minutes under the same conditions as the first anodization step. Thereafter, all 
the samples are rinsed rigorously using DI water before measurements. 
 
 
87 
 
8.2 Results and Discussion 
8.2.1 Fabricated AAO Nanostructure 
Some photos of the lithographically patterned and optically transparent AAO 
nanostructures are shown in Figure 8.2. In Figure 8.2(a), the AAO nanostructure thin film is 
fabricated, using only a one-step anodization process on a wafer-scale ITO glass substrate and 
oxalic acid for anodization. The AAO nanostructure thin film is optically transparent, as 
demonstrated by the visible sentence underneath the film, indicating that the 10 nm Ti layer 
has also been anodized and oxidized as transparent TiO2 [85–98]. Figure 8.2(b) provides an 
image of AAO nanostructure thin film fabricated from lithographically patterned aluminum thin 
film, using a two-step anodization process and sulfuric acid for anodization. The printed 
numbers and letters can be clearly seen through the AAO nanostructure thin film, indicating its 
optical transparency, even though the degree of transparency is lower than that of ITO glass on 
the same substrate. For comparison, the Al thin film which is not anodized on the same 
substrate and totally opaque is shown in Figures 8.2(a)–(b). 
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Figure 8.2. Photos showing (a) wafer-scale AAO nanostructure thin film fabricated on ITO glass; 
(b) transparent AAO patterns fabricated from lithographically patterned Al thin film. 
Non-anodized Al thin film is completely opaque on the same substrate. The size of each 
patterned 2×2 transparent AAO nanostructure thin film is 6 mm × 6 mm, which can be 
readily scaled down to 10 s or 100 s of micrometers lithographically before anodization. 
 
A scanning electron microscope (SEM, HITACHI, S-4800) was used to examine all the 
fabricated samples. The SEM images of the fabricated AAO nanostructure thin film on ITO glass 
substrates under different process conditions are given in Figure 8.3. Figure 8.3(a) gives the 
image of AAO nanostructures formed by a one-step anodization process using sulfuric acid. In 
this case, the alumina nanoscale grains in the film can still be clearly observed. In other words, 
the Al thin film is actually not an extended and continuous thin film; rather, it contains many Al 
nanoscale grains with sizes in the range of 100 nm to 500 nm before anodization. Figure 8.3(b) 
provides an image of AAO nanostructures formed by a one-step anodization process using 
oxalic acid. The nanopores are even more sparsely distributed in the alumina nanoscale grains 
than those in Figure 8.3(a). As shown in Figures 8.3(a) and (b), the nanopores after one-step 
anodization are rather sparsely distributed in the alumina nanoscale grains and do not have a 
high degree of periodicity. In order to obtain the average nanopore size, the interspacing and 
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related standard deviation of the AAO nanopores fabricated under different experimental 
conditions, and the nanopore size of 100 nanopores and the interspacing among them have 
been measured based on the scale bars shown in the SEM images. The average nanopore size 
and interspacing are relatively larger for AAO nanostructures andodized by oxalic acid (30±5 
nm for nanopore size, and 125±5 nm for the interspacing) than those anodized by sulfuric acid 
(10±2 nm for nanopore size, and 35±2 nm for the interspacing). The SEM images of AAO 
nanostructures fabricated using a two-step anodization process and oxalic acid for anodization 
are shown in Figures 8.3(c)–(d). Under this condition, the alumina nanoscale-grain domains 
essentially become invisible. In Figure 8.3(c), the time to remove the alumina layer after the 
one-step anodization process is 10 minutes, while in Figure 8.3(d), the time is 60 minutes. As 
can be seen, the nanopore size, the interspacing among nanopores, and overall periodicity are 
different for these two cases, which are summarized in Table 8.1, confirming that nanopore size 
and periodicity of the AAO can be tuned by using different fabrication parameters and acids as 
extensively reported in previous research  [83–98]. Specifically, for the case in Figure 8.3(c), 
the alumina layer formed in the first step of anodization was only partly etched away after 10 
minutes, and the nanopores formed in the second step of anodization are simply the 
continuation and widening of the nanopores formed in the first step. Hence, the positions of 
nanopores are essentially the same as those in the first step of the anodization process. But 
because the size of the nanopores increases, the interspacing among them decreases [94–105]. 
In contrast, for the case in Figure 8.3(d), the alumina layer formed in the first step of 
anodization was totally removed. Then hemispherical nano-patterns developed on top of the 
lower aluminum layer, due to the self-assembly characteristics of the anodizing process. Hence, 
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the nanopores formed in the second step of anodization are essentially new nanopores 
initiated from existing hemispherical nano-patterns, and thus are more uniform than those in 
Figure 8.3(c), as expected [94–105]. Thereafter, the nanopore size can be further widened if the 
samples are immersed in phosphoric acid (H3PO4) for several to tens of minutes [94, 106]. It 
should be noted that the diameter of the hemispherical nano-patterns can be easily controlled 
from tens to hundreds of nanometers by applying a different anodization voltage and changing 
the composition and temperature of the anodization acids, which have been studied 
extensively for the past decades. Therefore the size and interspacing among nanopores can be 
tuned, and the AAO quality and uniformity of the nanopores can be optimized using the 
two-step anodization process [94–106]. 
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Figure 8.3. SEMs of AAO nanostructure thin film (a) fabricated using a one-step anodization 
process with sulfuric acid; (b) fabricated using a one-step anodization process with oxalic acid; 
(c) fabricated using a two-step anodization process with oxalic acid. The time to remove the 
alumina between the two anodization steps is 10 minutes; (d) fabricated using a two-step 
anodization process with oxalic acid. The time to remove the alumina between the two 
anodization steps is 60 minutes. 
 
Table 8.1 The size of nanopores and the interspacing among nanopores fabricated from 2.2 µm 
thick Al 
One or 
two-step 
anodization 
Electrolyte Etching alumina time 
prior to the second step 
anodization (minutes) 
Anodization 
voltage/ 
temperature 
Average pore 
size (nm) 
Average 
interspacing 
among pores (nm) 
One-step Sulfuric acid  17 V/2oC 10±2 35±2 
One-step Oxalic acid  50 V/2oC 30±5 125±5 
Two-step Oxalic acid 10 50 V/2oC 50±5 50±5 
Two-step Oxalic acid 60 50 V/2oC 25±2 125±5 
 
8.2.2 Optical Property Measurement of AAO Nanostructure 
For optical property measurement, such as transmittance and reflectance measurement, 
of the fabricated AAO nanostructure thin film, the optical source is a tungsten halogen source 
(Ocean Optics, Inc.) with a spectrum covering 350 nm to 1050 nm; the spectrometer is 
USB4000-VIS-NIR (Ocean Optics, Inc.); and the optical fiber probe for the reflectance 
measurement is the Fiber Optic Reflection/Backscattering Probes (Ocean Optics, Inc.). The 
reflectance measurement setup on the AAO nanostructure thin film is the same as that 
reported in references 8, 9 and 21. For the transmittance measurement, the setup is shown in 
Figure 8.4 (left). The incident light beam is collimated and normally incident to the surface of 
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the AAO nanostructure thin film; the other lens will be used to couple the transmitted signals 
into an optical fiber probe, leading to the spectrometer. 
 
Figure 8.4. (Left) Optical setup for the measurement: a white light source is delivered to the 
chip through an optical fiber, the transmitted signal is collected by another optical fiber, leading 
to a spectrometer; (right) measurement of transmittance and reflectance signals of a 2.2 
µm-thick AAO nanostructure thin film. 
 
Figure 8.4 (right) displays a measurement of transmittance and reflectance of one 2.2 µm 
thick AAO nanostructure thin film fabricated by a one-step anodization process. As expected, 
the profiles of the transmittance and reflectance signals are complementary to each other in 
terms of the interference fringes. In other words, the interference peaks of the transmission 
signal always correspond to the interference valleys of the reflectance signal. Similarly, the 
interference valleys of the transmission signal always correspond to the interference peaks of 
the reflectance signal. Hence, the optical performance (e.g., finesse) of the AAO-based thin film 
interferometer can be evaluated by analyzing either the transmission signals or the reflection 
signals [97]. 
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Figure 8.5. (a) Measured reflectance signals from AAO nanostructure thin film with different 
thicknesses of 0.5 µm, 1.5 µm and 2.2 µm using a one-step anodization process in 0.3 M oxalic 
at 2 °C at 50 V for 15 minutes; (b) Measured reflectance signals from AAO nanostructure thin 
film fabricated with 1) a one-step anodization process in 0.3 M oxalic at 2° C at 50 V for 15 
minutes, 2) alumina layer etched by immersing the AAO substrate in a mixture solution of 
phosphoric acid (0.4 M) and chromic acid (0.2 M) at 65° C for 10 minutes or 60 minutes, 3) a 
two-step anodization process in 0.3 M oxalic at 2 °C at 50 V for 45 minutes. In the plot, two-step 
(10 min): the alumina layer etching time is 10 minutes; or, two-step (60 min): the alumina layer 
etching time is 60 minutes; (c) Measured reflectance signals from AAO nanostructure thin film 
fabricated from Al with the same thickness of 2.2 µm, but fabricated with different acids in a 
one-step anodization process. In the plot, sulfuric acid (1): 0.3 M sulfuric acid at 2 °C at 17 V for 
15 minutes; sulfuric acid (2): 0.3 M sulfuric acid at 2 °C at 30 V for 15 minutes; oxalic acid: 0.3 M 
oxalic at 2 °C at 50 V for 15 minutes; (d) Summary of finesse of the AAO nanostructure thin film 
in (c) fabricated and anodized by sulfuric acid and oxalic acid. 
 
 
In order to construct an AAO-based thin film interferometer, the numbers of the 
interference fringes of the reflectance and transmittance signals are important parameters, 
highly related to the thickness of the AAO nanostructure thin film. In Figure 8.5(a), the 
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measured reflectance signals from AAO nanostructure thin films using one-step anodization 
processes with different thicknesses are plotted. It should be noted that based on a series of 
experiments, it was found that when the thickness of AAO nanostructure thin film is 0.5 µm or 
lower, no interference fringes can be observed regardless of whether the AAO nanostructure 
thin film is fabricated by a one-step or two-step anodization process. In contrast, the 
interference fringes are clearly observed by increasing the thickness of AAO thin film to 1.5 µm 
(8 interference peaks) and 2.2 µm (12 interference peaks). In other words, the number of 
interference peaks increases with thickness (e.g., at least in the range of 0.5 µm to 2.2 µm) of 
AAO nanostructure thin film. Even though we have not determined the exact thickness (e.g., 
the threshold thickness) of AAO nanostructure thin film for the emergence of interference 
fringes, which should be between 0.5 µm and 1.5 µm, it is clear that the thickness cannot be 
below or equal to 0.5 µm, but should be large enough (e.g., 1.5 µm) to construct an AAO 
nanostructure thin film interferometer. 
As shown in Figure 8.3 and in Table 8.1 and previous research [83–98], by changing the 
anodization process parameters (e.g., anodization voltage, acids) or using one- or two-step 
anodization processes, the pore size and interspacing among pores will change. Figure 8.5(b) 
gives the measured reflectance signals of AAO nanostructure thin films fabricated with 
one-step and two-step anodization processes. For these three samples, the thicknesses of the 
lithographically patterned Al thin film are the same, 2.2 µm before anodization. After one-step 
anodization, the thickness has little change and is still 2.2 µm but is reduced to 1.9 µm after 
two-step anodization. In this case, measurements found that the reflectance signals have 
similar basic profiles (e.g., reflectance intensity) even though the pore sizes, the interspacing 
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among them and the thickness of the nanostructure thin film have some variations. One 
consistent difference was found: for samples with one-step anodization, the number of 
interference peaks is 12. After two-step anodization, the number of interference peaks is 
reduced to 9, since the thickness of AAO nanostructure thin film is reduced from 2.2 µm to 1.9 
µm. 
In Figure 8.5(c), the reflectance signals of AAO nanostructure thin film fabricated from Al 
using a one-step anodization process with the same 2.2 µm thickness and sulfuric and oxalic 
acid are plotted. During oxalic acid anodization, the temperature is 2° C and voltage is 50 V. 
During sulfuric acid anodization, the temperature is 2° C and the voltage is 17 V and 30 V, 
respectively. 
It is well known that finesse is a critical parameter to determine the resolving power of a 
Fabry-Perot interferometer, which is defined as: F =FSR/δλ, [20] where FSR is the free spectral 
range, and δλ is the full-width half maximum. By examining the optical signals (e.g., 
interference fringes) in Figure 8.5(c), it is clear that the average finesse of the AAO 
nanostructure thin film fabricated by sulfuric acid is bigger than that fabricated by oxalic acid. 
The finesse measurements on several samples are averaged and summarized in Figure 8.5(d). 
The average finesse is 2.09 ± 0.05 for AAO thin film samples fabricated by sulfuric acid, and 
the finesse is 1.79 ± 0. 05 for AAO thin film samples fabricated by oxalic acid. As shown in 
Table 8.1, the nanopore size and interspacing among nanopores are different for AAO 
nanostructure thin film fabricated by one-step anodization using sulfuric and oxalic acid, 
thereby resulting in a different finesse. The bigger the finesse offered by the AAO nanostructure 
thin film, the higher the sensitivity for this type of thin film-based interferometer [96]. It should 
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be also noted that the size of the lithographically patterned AAO nanostructure thin film can be 
readily scaled down to 10 s or 100 s of micrometers from those shown in Figure 8.2. Hence, this 
fabrication technology can be used to integrate AAO nanostructures within microdevices or 
microfluidic devices for a variety of applications, including applications in the emerging field of 
optofluidics. 
8.3 Conclusion 
In summary, optically transparent AAO nanostructure thin film has been fabricated 
successfully from lithographically patterned Al thin film, indicating the feasibility of integrating 
AAO nanostructures within microdevices or microfluidic devices for a variety of specific 
applications. The nanopore size and the interspacing among nanopores of AAO nanostructures 
can be tuned by changing the anodization parameters. Experiments found that the thickness of 
AAO nanostructure thin film is critical to construct an AAO thin film-based interferometer, and 
changing both nanopore size and interspacing can optimize its optical sensitivity. Since the size 
of patterned AAO thin film can be easily scaled down to 10 s and 100 s of micrometers, 
large-scale arrayed and patterned AAO nanostructure thin film can be fabricated on a single 
chip, thereby enabling the feasibility for large-scale arrayed label-free biosensing platforms for 
high throughput applications. More systematic studies need to be carried out in order to 
optimize the design of an AAO nanostructure thin film sensor with higher sensitivity and 
resolution. 
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CHAPTER 9 A TRANSPARENT AAO NANOSTRUCTURED OPTICAL BIOSENSOR 
Modified from a paper published in  
The Journal of Biomedical Nanotechnology 
 
Yuan He, Xiang Li and Long Que 
 
Herein we report a new transparent nanostructured Fabry-Perot interferometer (FPI) 
device. The unique features of the nanostructured optical device can be summarized as the 
following: (i) optically transparent; (ii) simple and inexpensive for fabrication; (iii) easy to 
produce and scale up as an arrayed format. These features overcome existing barriers for the 
current nanopore-based interferometric optical biosensors by measuring transmitted optical 
signals rather than reflected optical signals, thereby facilitating optical testing for the arrayed 
biosensors and thus paving the way for their potential for high throughput biodetection 
applications. The optically transparent nanostructures (i.e., anodic aluminum oxide nanopores) 
inside the FPI devices are fabricated from 2.2 µm thick lithographically patterned Al thin film on 
an indium tin oxide (ITO) glass substrate using a two-step anodization process. A bio-reaction 
between biomolecules was facilitated utilizing the binding between Protein A and porcine 
immunoglobulin G (IgG) as a model. Experiments found that the lowest detectable 
concentration of proteins using current devices is at the picomolar level, which can be tuned to 
the femtomolar level by optimizing the performance of the FPI device. 
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9.1 Device and Experiment Design 
9.1.1 Device Fabrication 
The fabrication processes of the new FPI devices are as outlined below. The first step, 
fabrication of the transparent nanostructures (AAO nanopores) from the patterned Al thin film, 
has been discussed in detail in Chapter 8. The second step, fabrication of a PDMS microfluidic 
chip using soft lithography, is as follows. A 50 µm thick SU-8 mold of the device is formed on a 
silicon substrate using optical lithography. PDMS is casted on the mold, followed by 1.5 hour 
curing at the temperature of 65°C. Then the PDMS microfluidic layer is bonded with the ITO 
glass with patterned AAO layer after oxygen plasma treatment for 10 seconds. The sample 
input and output holes are made in the PDMS layer thereafter for the delivery of the chemical 
samples to the nanostructured-FPI devices, followed by assembling input and output tubing 
(Upchurch Scientific, Inc.), which is connected with a syringe controlled by a syringe pump (KD 
Scientific, Inc.). It should be noted that the AAO nanopore patterns should be totally covered by 
the FPI cavity in order to ensure that the PDMS microfluidic layer can directly be bonded to the 
ITO glass substrate, thus avoiding any liquid leakage during the operation of the nanostructured 
FPI chip. 
9.1.2 Experiment Design 
Figures 9.1(a)–(b) illustrate the schematic and operational principles of the transparent 
nanostructured FPI chip. Each device consists of a PDMS plate and a nanopore layer, which is 
fabricated on an indium tin oxide (ITO) glass substrate. The average size of nanopores is in the 
range of 20 nm to 50 nm in diameter, which can be varied by changing the parameters of the 
process, and the gap size of the µFP cavity is 50 µm. The optical transducing signal is the 
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transmitted optical interference signal from the nanostructured FPI device when a collimated 
white light is normally incident. Each device on the chip is connected with an addressable 
microfluidic network, which can provide the samples to each device and can also be used to 
rinse the device. All devices on the same chip can share the same white light optical source, 
which will simplify the optical setup significantly compared to the reflective biosensor 
configuration [75–80]. The close-up of one nanostructured FPI device is shown in Figure 9.1(b). 
When the biomolecules are immobilized on the nanostructures and the binding between 
biomolecules occurs, the fringes of the transmitted signals will shift, due to the change of the 
effective refractive index inside the cavity. The nanostructures inside the FPI cavity will increase 
the binding sites of the biomolecules, and, therefore, the sensing surface area will increase up 
to at least two orders of magnitude larger than that of a conventional FPI with a planar surface 
inside its cavity. In this case, the sensing surface area includes the top and bottom surfaces of 
the nanopore layer and the nanopore sidewalls. In the experiments, the optical source is the 
same tungsten halogen lamp as in Chapter 8. The transmitted optical signals from the 
nanostructured FPI device are coupled to a spectrometer, which is connected to a laptop 
computer for data acquisition and processing. The samples are transported to the device 
through the assembled plastic tubing by syringe pumps. 
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Figure 9.1. (a) Schematic of a transparent nanostructured FPI microchip, consisting of arrayed 
nanostructured FPI devices; each device is addressable by the integrated microfluidic channels 
for sample delivery; all the devices can share the same expanded white light source as the input 
light, and the transducing signals from the devices are the transmitted interference signals from 
each device; (b) Close-up of a nanostructure FPI device showing the nanostructures (i.e., 
nanopores) inside the cavity of a FPI: the immobilization of biomolecules (i.e., protein A) on the 
surface of the nanostructures and the binding between biomolecules (i.e., protein A and 
porcine IgG) change the effective index of refraction, thus causing a shift of the transmitted 
interference fringes. 
 
9.2 MATERIALS AND METHODS 
9.2.1 Chemicals and Materials 
Protein A and Sea Block have been purchased from Pierce Biotechnology (USA). Buffer 
solution phosphate buffered saline (PBS) and porcine immunoglobulin G (IgG) have been 
obtained from Sigma-Aldrich (USA). Specifically, Protein A is prepared in PBS (pH = 7.2) solution 
at a concentration of 500 µg/ml [80], which can be diluted accordingly for different 
concentrations if needed. The blocking buffer, Sea Block, used to minimize the nonspecific 
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binding, is mixed with PBS solution with a ratio of 1:4. Similarly, the porcine IgG anti-sera are 
diluted with PBS to achieve final concentrations of 100000, 10000, 1000, 100, 10 and 1 ng/ml, 
respectively, for the technical demonstrations. 
9.2.2 Biodetection Procedure 
The experimental procedure for the binding between Protein A and porcine IgG is 
schematically illustrated in Figure 9.2. This bioassay is very selective and only specific between 
Protein A and porcine IgG, and hence has typically been used as a simple model for 
biodetection [79]. The experimental procedure is carried out as follows. The concentration of 
Protein A is fixed at 500µg/ml in the experiments. Before applying any chemicals to each device, 
transmission signals are obtained for each of them as a reference. Through the input, PBS is 
flowed into each device and the corresponding transmission signals are obtained. Then Protein 
A is flowed into each device and the incubation time is 30 minutes at room temperature to 
ensure that the AAO nanostructure surface is covered with Protein A as much as possible. As a 
result, Protein A binds to the AAO nanostructure and thus serves as a probe The unbound or 
loosely bound Protein A is washed away using PBS for at least 3 cycles. The measurement is 
taken at each interval and checked for measurement repeatability. Then Sea Block is flowed 
into each device and incubated for 15 minutes at room temperature, again followed by three 
cycles of PBS rinsing. Thereafter, the concentrations of porcine IgG to be flowed into the device 
are 1, 10, 100, 1000, 10000 and 100000 ng/ml in a PBS solution. The experiments take place in 
the following order: The porcine IgG is flowed into device sequentially, from lower to higher 
concentrations. For instance, the porcine IgG at concentration of 1 ng/ml is flowed into the 
device first; after a 30-minute incubation, PBS is flowed to rinse the device three times and 
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measurements are carried out accordingly. Thereafter, the porcine IgG at concentration of 
10ng/ml is flowed into the device for the testing. After a 30-minute incubation, rinsing and 
measurement are conducted. Similarly, the experiments are performed for porcine IgG at 
concentrations of 100, 1000, 10000 and 100000 ng/ml in sequence, respectively. All these 
results are obtained by averaging multiple measurements on four devices. It should be noted 
that all the experimental steps have been performed at room temperature, and the 
measurements are carried out after the devices have dried. 
 
Figure 9.2. The procedure for achieving the binding between Protein A and porcine IgG: (a) PBS 
is flowed to rinse the AAO nanostructure; (b)–(c) Protein A is applied and incubated for 30 
minutes, followed by PBS rinsing; (d) Sea block is applied to occupy the sites without Protein A, 
followed by PBS rinsing; (e)–(f) Porcine IgG is applied to bind with Protein A, followed by PBS 
rinsing. The optical measurements are carried out at each step when the device has dried. 
 
9.2.3 Experimental Data Analysis 
First, the optical signal (i.e., interference fringes) with the buffer (PBS) is obtained, which is 
used as a reference for the optical signals obtained at each bioassay step. The fringes’ shift 
contributed by the buffer thus can be canceled. Then, the fringes’ shift of the measured optical 
signals at each bioassay step is obtained by using the interference fringes on immobilized 
Protein A on the nanostructure surface as reference points. Specifically, for each porcine IgG 
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concentration, (i) first the shift of each interference fringe’s peak after porcine IgG has been 
applied relative to that of the Protein A coated AAO nanostructure is obtained; (ii) then the 
shift of all the peaks is averaged. Similarly, the averaged shift of the fringes for different porcine 
IgG concentrations is obtained. 
9.3 Results and Discussion 
Experiments have found that the Au-coated AAO remains optically transparent when the 
thickness of the coated Au is 5 nm or lower. In addition, measurements found that at this range 
of thickness of Au, the intensity of the transmitted signals shows negligible change as shown in 
Figure 9.3(a). It should be noted that the optical transparency of the Au-coated AAO nanopore 
layer is very important for most of the bioassay since an Au layer (typically several nanometers) 
is usually required for the chemical functionalization of the sensing surface [85]. In Figures 9.3 
(a) and (b), the SEM images are given for the AAO surfaces, both uncoated and coated, with a 
layer of 5 nm Au, respectively. It is clearly shown in Figure 9.3 (b) that a surface of AAO coated 
with a layer of Au contains Au nanoscale grains with sizes in the range of 10 nm to 20 nm. 
The SEM images of the AAO nanostructures before and after being coated with Protein A 
are shown in Figures 9.4(a) and (b), respectively. As shown, the surface of the AAO 
nanostructures has distinct changes with the immobilized Protein A. The measured 
transmission signals for each device to monitor the immobilization of Protein A and the binding 
between Protein A and porcine IgG have been carried out, and one representative result is 
given in Figure 9.4 (c). The redshift of the fringes with respect to those of Protein A has been 
observed if the porcine IgG is bound with Protein A. The more porcine IgG is applied and bound 
with Protein A, the larger the redshift, as far as a sufficient amount of Protein A is available for 
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binding. All these measurements can be monitored in real-time, which is particularly 
convenient to ensure that the unbound and loosely bound molecules have been completely 
rinsed away. 
 
 
Figure 9.3. (a) A representative measured reflectance and transmission spectrum of the AAO 
sample fabricated with two-step anodization, with and without Au coating; SEM images show 
the AAO nanostructure before (b) and after (c) 5 nm Au (with 5 Å Ti as adhesion layer) coating 
has been applied. The Au nanoscale grains are clearly visible on the surface. 
 
The average fringe shift under different concentrations of porcine IgG is summarized and 
the logarithm plot is given in Figure 9.4 (d). Error bars are standard deviation based on the 
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multiple measurements at each concentration of IgG. The fitting curve is created to allow the 
extrapolation of data points between the measured results. As expected, the lower the 
concentration of porcine IgG, the less porcine IgG is bound to the Protein A; hence the smaller 
the fringe’s shift. For instance, the fringe shift is 3.30 ± 0.02 nm for porcine IgG at a 
concentration of 10 ng/ml, which is 62.5 pM for porcine IgG. When the concentration of 
porcine IgG is reduced to 1 ng/ml, the fringe shift becomes 0.80±0.02 nm. Negligible shift is 
observed when the concentration becomes lower than this value. Hence, the lowest detectable 
concentration of current devices is ~1 ng/ml (~6.25 pM), which is comparable to that of 
SPR-based biosensors [66]. Note that the detectable concentration can be further reduced if 
the thickness of the AAO layer can be increased to 4 µm [78,79]. 
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Figure 9.4. (a) SEM image of blank AAO nanostructures; (b) SEM image of AAO nanostructures 
with immobilized Protein A; (c) A representative measurement showing the shift of the 
transmitted optical fringes on the binding between Protein A and porcine IgG with different 
concentrations; (d) The averaging fringe shift of the optical signals on the binding between 
Protein A and porcine IgG of different concentrations. 
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CHAPTER 10 AAO NANOSTRUCTURED OPTICAL SENSOR: CONCLUSIONS AND 
FUTURE WORK 
10.1 Conclusions 
The present research has successfully demonstrated fabrication of transparent patterned 
AAO nanostructures on an ITO glass substrate. Nanopore size and the interspacing among 
nanopores of AAO nanostructures can be tuned by changing anodization parameters. 
Experiments found that the thickness of AAO nanostructure thin film is critical to construct an 
AAO thin film-based interferometer and changing both nanopore size and interspacing can 
optimize its optical sensitivity. Since the size of patterned AAO thin film can be easily scaled 
down to tens and hundreds of micrometers, large-scale arrayed and patterned AAO 
nanostructure thin film can be fabricated on a single chip.  
Utilizing this technology, arrayed transparent nanostructured FPI devices have been 
fabricated and tested, and their application for biosensing has been demonstrated. Specifically, 
using Protein A and porcine IgG as a model, the detection of the binding between Protein A and 
porcine IgG has been demonstrated using transparent nanostructured FPI devices. The lowest 
detectable concentration of porcine IgG is 6.25 pM for current devices. Finally, due to the 
capability to fabricate tens and hundreds of transparent nanostructured FPI microdevices on a 
single chip, as suggested in this paper, this new technology may provide a promising technical 
platform for multiplex, label-free biodetection with a highly simplified optical testing setup. 
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10.2 Future Work 
The optimization of the performance of FPI devices requires systematic efforts and must 
overcome some fabrication technical barriers. For instance, experiments have found that the 
numbers of interference fringes of transmittance signals are highly related to the thickness of 
the AAO layer [81]. The number of interference peaks increases with the increasing thickness of 
the AAO layer for the same spectral range, thereby resulting in enhanced finesse [81]. However, 
it is challenging to routinely fabricate 3–4 µm thick AAO layer due to the quality of Al deposited 
on the ITO glass using the E-Beam Evaporation System (CHA Industries, Inc.). Because of the 
extremely high evaporation temperature (1300–1600 °C) of Al [98], when the crucible for 
holding Al target is damaged, it has to be replaced by a new crucible, hence multiple 
applications of the evaporation process are required in order to obtain 3–4 µm Al. It has been 
found that the Al is easily partially oxidized or contaminated during this procedure. As a result, 
anodization cannot be carried out on the as-deposited Al successfully, and transparent AAO 
nanostructures of good quality cannot be formed. Finding a proper crucible may provide a 
solution for this. In addition, when the thickness of AAO layer becomes 4um or more, the 
transparency of the AAO layer is reduced, and the intensity of the transmitted optical signals 
decreases. Increasing the size or reduce the interspacing of the nanopores may provide a 
solution, but this requires further analysis. 
It should also be noted that even though herein only the detection of the binding between 
Protein A and porcine IgG as a model is reported, this platform can be easily adapted to the 
detection of many different biospecies, such as cancer biomarker proteins and circulating 
tumor cells (CTCs), by functionalizing the surface of the nanostructured FPI device with 
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different probes [80, 110, 111]. In addition, the lowest detectable concentration of this type of 
sensor is highly related to nanopore size and density, which can be optimized for further 
lowering the detection limit. Based on these measurements, transparent nanostructure FPI 
devices could offer sufficient sensitivity for the detection of clinically relevant cancer 
biomarkers, which are typically in the range of picomolar concentration levels or lower [63]. 
Furthermore, since arrayed transparent devices can be batch-fabricated in an inexpensive and 
efficient manner on a single chip, a disposable platform based on arrayed nanostructured FPI 
devices can be developed for multiplex biomolecular detection and analysis. 
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